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INTRODUCTION 
 
Microbiology and biogeochemical cycling   
Every species on earth is dependent on the availability of elements, in a suitable form, for 
assimilation and respiration. These elements, such as carbon, hydrogen, nitrogen, sulfur and 
phosphorus, are each subject to a variety of transformations from their inorganic forms, to the 
compounds which are incorporated into biomass or used for energy generation. Finally the 
regeneration to inorganic forms closes the cycle of the specific element.  
In Figure 1, a simplified scheme of the biogeochemical cycle of the element sulfur is 
presented. This cycle is a good example because it occurs in a wide variety of redox states 
(ranging from -2 in for instance sulfide to +6 in sulfate).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 1. Simplified scheme of sulfur cycling in a freshwater system 
 
Biological, chemical and biogeochemical processes change both the redox state and the 
speciation of sulfur. Sulfur gases enter the atmosphere through volcanic activity and fossil 
fuel combustion (e.g. release of SO2) and from anaerobic biological degradation of organic 
compounds (e.g. release of H2S, DMS and COS). Most of these have short residence times (2-
5 days) in the atmosphere because of the rapid oxidation to sulfate (Middelburg 2000). Wet 
and dry deposition transports sulfur from the atmosphere to the terrestrial and aquatic 
environment. Other external sources of sulfate are influxes from agricultural (fertilizers) and 
mining activities (acid mine drainage). On the terrestrial and aquatic level sulfur is subject to 
many transformations which are mostly mediated by microorganisms. Assimilatory reduction 
of sulfate resulting in the incorporation of sulfur into a variety of organic compounds such as 
amino acids, (poly-)peptides, enzyme cofactors, antibiotics, lipids or carbohydrates is a 
common process in prokaryotes, plants and fungi (Brüser et al. 2000). Bacterial degradation 
of these compounds produces sulfide under anaerobic conditions. Dissimilatory sulfur 
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reduction, which transforms sulfate to sulfide, has only been found in Bacteria and Archaea. 
Sulfide can be immobilized by iron sulfide mineral formation. Weathering and microbial 
oxidation leads to release of oxidized sulfur species from this sulfide sink. Sulfide oxidation is 
catalyzed under oxic and anoxic conditions by sulfur-oxidizing prokaryotes (many bacteria 
and some archaea) and also reacts chemically with oxygen.  
Microorganisms catalyze a wide variety of (elemental) reactions, primarily in energy 
generation for growth (Table 1) which ensures their involvement in all element cycles 
important for life. Furthermore they are ubiquitous and abundant which makes their elemental 
transformations numerically relevant. Whitman et al. (1998) made an estimate of the total 
number of prokaryotes on earth of 4-6 × 1030 cells in total. Microorganisms are able to 
withstand a variety of environmental conditions and thrive in places which seem extremely 
hostile to life (Table 2).  
 
TABLE 1. Metabolic diversity of microorganisms; some examples of reactions  
Process Example reaction Example species 
 
Aerobic sulfide oxidation 
 
H2S + 2O2 Æ SO42- + 2H+ 
 
Thiobacillus thioparus 
Anaerobic sulfide oxidation 5H2S + 8NO3- Æ  
5SO42- + 4N2 + 4H2O + 2H+ 
Thiobacillus denitrificans 
Sulfate reduction 2CH3CH2OCOOH + SO42- Æ  
2CH3COOH + S2- + 2CO2 + 
2H2O 
Desulfovibrio vulgaris 
Fermentation C6H12O6 + 3HCO3- Æ  
3CH3COO- + 3CO2 + 3H2O 
Moorella thermoacetica 
Aerobic ammonia oxidation 2NH3 + 3O2 Æ  
2NO2- + 2H2O + 2H+ 
Nitrosomonas europaea 
Nitrosopumilus maritimus 
Nitrite oxidation 2NO2- + O2 Æ 2NO3- Nitrobacter winogradski 
Nitrogen fixation N2 +  8H+ + 8e- Æ 2NH3 + H2 Azotobacter vinelandii 
Anaerobic ammonium 
oxidation 
NH4+ + NO2- Æ N2 + 2H2O Kuenenia stuttgartiensis 
Aerobic methane oxidation CH4 + 2O2 Æ CO2 + 2H2O Methylococcus capsulatus 
Anaerobic methane oxidation 
with nitrate as electronacceptor 
5CH4 + 8NO3- + 8H+ Æ  
5CO2 + 4N2  + 14H2O 
Consortium  
Anaerobic methane oxidation 
with sulfate as electronacceptor 
CH4 + SO42- + 2H+ Æ  
CO2 + H2S + 2H2O 
Consortium (sulfate 
reducers, methanotrophs) 
Methane production 4H2 + CO2 Æ CH4 + 2H2O 
CH3COOH Æ CH4 + CO2 
Methanospirillum hungatei 
Methanosaeta concillii 
Hydrogen oxidation 2H2 + O2 Æ 2H2O Ralstonia eutropha 
Aerobic iron oxidation 4FeCO3 + O2 + 10H2O Æ 
4Fe(OH)3 + 4HCO3− + 4H+ 
Gallionella ferruginae 
Anaerobic iron oxidation 10FeCO3 + 2NO3− + 24H2O Æ 
10Fe(OH)3 + N2 +10HCO3− +  
8H+ 
Acidovorax sp. strain BrG1 
Benzene degradation C6H6 + 6NO3 - Æ 6HCO3- + 3N2 Dechloromonas strain RCB 
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TABLE 2. Extreme environments where microorganisms thrive; some examples of unexpected places 
where microorganisms have been found.  
Environment Example species Growth persisting at References 
Permafrost Psychrobacter cryopagella Temperature: -10 °C Bakermans et al. 
2003 
Hydrothermal 
black smoker 
Pyrolobus fumarii Temperature: 113 °C Blöchl et al. 1997 
Geothermal marine 
sediment 
Pyrococcus furiosus Temperature: 103 °C Fiala & Stetter 1986 
Deepest ocean 
bottom 
Moritella yayanosii Pressure: 80 MPa Nogi & Kato 1999 
Yellowstone 
national park 
Anaerobranca horikoshii pH: 8.560°C 
Temperature: 66 °C 
Engle et al. 1995 
Yellowstone 
national park 
Acidicaldus organivorus pH: 1.75 
Temperature: 65 °C 
Johnson et al. 2006 
Volcanic hot spring Acidilobus aceticus pH: 2.0 
Temperature: 92 °C 
Prokofeva et al. 2000 
Solfataric 
hydrothermal area 
Picrophilus oshimae pH: below 0 Schleper et al. 1996 
Soda lake Alkalispirillium mobile  
Strain AGDZ 
pH: 10 Sorokin et al. 2006 
Solar saltern Halobacterium salinarum [NaCl]: 5.2 M Oren 2000 
  
The nitrogen cycle, which like the sulfur cycle involves many redox states, provides an 
illustrative example of microorganisms with unique metabolic properties of significant impact 
to elemental cycling namely the group of anammox bacteria. These microorganisms perform 
the process of anaerobic ammonium oxidation (anammox) by combining nitrite and 
ammonium directly to N2 under anaerobic conditions (van de Graaf et al. 1996; Strous et al. 
1999; Jetten et al. 2005; Strous et al. 2006). Recent research indicates that this anammox 
process, and not as previously assumed heterotrophic denitrification, is responsible for 
massive losses of nitrogen from the ocean e.g. from the Benguela upwelling system (Kuypers 
et al. 2005). These findings are important on a global scale and suggest a necessity to change 
our perception of marine nitrogen cycling (Arrigo 2005). 
Element cycling is highly dependent on microbial reactions. The broad and diverse catalyzing 
capacity, abundance and persistence of microorganisms, ensures a central position for 
microbiology in the element cycles of many ecosystems. Therefore knowledge of microbial 
ecology and physiology is important for our understanding of ecosystem chemistry and 
functioning.  
 
Wetlands  
 
Microbial transformations of elements are controlling factors in the nutrient cycling of 
freshwater wetlands. In these specific environments microbial transformations take place 
under conditions in which O2 is not always present (Schlesinger 1991). One of the many 
available definitions of a wetland  is: ‘any land saturated with water long enough to promote 
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wetland or aquatic processes as indicated by poorly drained soils, hydrophytic vegetation, and 
various kinds of biological activity that are adapted to a wet environment’ (van den Bergh et 
al. 2004). As the lack of further specificity of this definition already suggests, diversity 
amongst wetlands is high. Differences exist in, for instance, salt concentration (tidal flat to 
freshwater wetland), nutrient availability (oligotrophic to eutrophic), and vegetation.  
Human interference with wetland-functioning dates back to roughly the eleventh century (van 
Wirdum 1993) when the growing human population started to withdraw biomass from 
wetlands for food, fuel and construction. Human control over wetlands has become only more 
pronounced since then. Processes such as fragmentation, pollution, desiccation, eutrophication 
and acidification have caused deterioration of wetland quality (e.g: Lamers 2001; Lucassen 
2004; van den Bergh et al. 2004; Lucassen et al. 2005). Loss of wetland area has progressed 
especially since the industrial revolution (Best et al. 1993). On the other hand, restoration and 
even creation of wetlands have become common practice, although success rates vary (Colijn 
et al. 1993; Mitsch & Wilson 1996; Lamers et al. 2002b; Goosen & Vellinga 2004; Lamers et 
al. 2006). 
The value of wetlands is the sum of the fulfillment of a variety of functions such as 
safeguarding biodiversity, storm abatement, hydrological stabilization, and providing a source 
of drinking water (Costanza et al. 1997; Turner et al. 2000; Brinson & Malvárez 2002). The 
preservation of wetlands is therefore generally regarded as important. The Dutch government 
acknowledges the value of these ecosystems and the necessity to protect them. Wetlands 
cover a significant portion of the Netherlands: 16% of the total area of the country had been 
classified in 1993 as internationally important wetlands (Wolff 1993). The Netherlands 
participates in the Convention on Wetlands (Ramsar, Iran, 1971), and presently contributes 49 
wetlands, amounting to a total of 818,908 hectares, to the Ramsar List of Wetlands of 
International Importance (see http://www.ramsar.org/index.html).  
 
Increased sulfate concentrations in freshwater wetlands 
 
A notable change in freshwater wetland chemistry of the recent decades is the increased 
availability of nitrate (see next paragraph) and sulfate (Lamers et al. 1998). In seawater sulfate 
is an abundant anion (~28 mM). Sulfate concentrations in freshwater ecosystems were 
originally minute (~10-500 µM, Holmer & Storkholm 2001), but have increased to values 
over 500 µM and even higher than 3000 µM (Lamers et al. 2002a). There are several reasons 
for the increased sulfate concentrations in freshwater wetlands. One major reason is the inlet 
of sulfate-rich water from rivers into wetlands to compensate for lowered groundwater tables 
(Roelofs 1991; Smolders & Roelofs 1993). Another reason is the increased atmospheric sulfur 
deposition resultant from the burning of fossil fuels and smelting of sulfide ores (Gorham 
1976; Middelburg 2000). Furthermore, oxygen- or nitrate-dependent oxidation of iron sulfide 
minerals present in the subsoil or sediment will release sulfate (Lucassen et al. 2004a; 
Smolders et al. 2006b). Dredging of sediments or increased nitrate influxes will therefore lead 
to increased sulfate concentrations. Microbial sulfate reduction in freshwater systems is 
usually limited by sulfate availability, rather than by the availability of organic substrates. 
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Increased sulfate concentrations will therefore stimulate the activity of sulfate-reducing 
bacteria (SRB) that couple organic compound or molecular hydrogen oxidation to the 
reduction of sulfate to sulfide under anaerobic conditions. This stimulation can result in the 
SRB outcompeting methanogens for substrates, reducing the methane emission from 
freshwater wetlands (Schimel 2004).  
The effects of the sulfide produced by the SRB are dependent on the hydrochemistry of the 
system and are respectively: iron depletion, phosphate release, and sulfide 
accumulation/toxicity (Figure 2).  
 
FIG. 2. Schematic overview of chemical reactions in response to 
elevated sulfide concentrations and possible effects. Me, 
metals other than iron; FeSx, iron sulfide minerals, MeSx, 
metal sulfide minerals and metals adhered to iron sulfide 
minerals.   
 
In the presence of free iron and other metal ions (e.g. trace metals such as nickel, cobalt and 
arsenic), sulfide will precipitate with these and form iron sulfide minerals (FeSx) and other 
metal sulfide minerals resulting in iron depletion (Smolders & Roelofs 1993; White et al. 
1997). When free iron ions are depleted sulfide can form iron sulfide minerals with iron 
present in iron-phosphate complexes, which leads to the release of phosphate and a 
diminished amount of iron available for phosphate-binding (Böstrom et al. 1988; Lamers et 
al. 1998). This sulfate-induced phosphate release takes place in both freshwater and marine 
systems (Caraco et al. 1989; Roelofs 1991; Smolders & Roelofs 1993). Phosphorus has been 
identified as the key limiting nutriënt for algal growth in freshwater environments (Smith 
2003). Therefore, the likelihood of eutrophication as a result from the indirect (sulfate-
induced) liberation of phosphate is high in freshwater ecosystems. In the case of sulfate-
induced phosphate release eutrophication results from the liberation of indigenous phosphate 
and is therefore referred to as internal eutrophication. The subject of internal eutrophication 
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has been recently reviewed in detail by Smolders et al. (2006a). When the reactive iron pools 
are all depleted, sulfide will accumulate. Sulfide toxicity will occur fairly rapidly as sulfide 
toxicity to freshwater macrophytes and macrofauna takes place even at low sulfide 
concentrations (van der Welle et al. 2006).  
Increased loading of soils and sediments with iron sulfide minerals as a consequence of 
increased sulfate loading under anaerobic conditions will have detrimental effects when these 
soils and sediments become oxidized (e.g. by dredging or dessication). The iron sulfide 
minerals will be oxidized by a combination of chemical and microbial reactions (Boon 1996; 
Rohwerder et al. 2003). Aerobic iron sulfide mineral oxidation generates sulfuric acid and can 
therefore generate highly acidic waters which are called Acid Mine Drainage (AMD) in the 
case of mining operations (Edwards et al. 2000; Lucassen et al. 2002). The degree to which 
acidification will occur is dependent on the extent of iron sulfide oxidation and the buffering 
capacity of the system in which it takes place. In addition to acidification, the functionality of 
iron sulfide minerals as a sink for potentially toxic trace metals (Luther et al. 1992; Morse & 
Luther 1999; Ledin 2000; Yu et al. 2001; Caetano 2002; Muller 2002) is lost by oxidation and 
these metals are mobilized.  
 
Increased nitrate concentrations in freshwater wetlands 
 
Nitrogen pollution originates from fossil fuel combustion, domestic and industrial waste 
waters, the cultivation of crops (legumes and rice) and the application of fertilizer to 
agricultural lands (Galloway 1998; Galloway & Cowling 2002; Hirt 2006). Most of the 
nitrogen produced by human activities is not very mobile because of its incorporation into 
organic matter, or its adsorption onto soil surfaces (e.g NH4+). However, microbial 
nitrification produces the highly mobile nitrogen species nitrite and nitrate. Most of the 
aquatic nitrogen pollution in the Netherlands results from agriculture. During the mid-nineties 
of the last century the N inputs to agricultural soils have exceeded N outputs by an average of 
279 kg N/ha (Kroeze et al. 2003). Part of this nitrogen is lost through leaching and run-off and 
finally ends up in aquatic systems.   
Nitrogen pollution of waters has direct consequences for human health. The European 
standard for the maximum concentration of nitrate in potable water is 50 mg/L, and is based 
on the recommendations of the World Health association (WHO 2004; 
http://www.who.int/water_sanitation_health). This level is recommended by the WHO 
because of the effects of higher nitrate concentrations on human health. High nitrate 
concentrations in drinking water are known to cause methemoglobinemia (blue baby 
syndrome). This is an effect from the conversion of nitrate to the highly toxic nitrite by 
bacteria in the digestive tract. Detrimental effects of high nitrate concentrations in drinking 
water on animal reproduction have also been observed (Fan & Steinberg 1996). In addition, 
nitrate concentrations exceeding 23 mg/L have been shown to cause cancer in animals. 
Epidemiological studies in humans have so far not identified a causal relationship between 
nitrate intake and cancer (Buss et al. 2005).  
The effects of increased nitrogen concentrations in freshwater wetlands are divers. Nitrogen 
pollution can lead to eutrophication, especially in systems that were originally nitrogen-
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limited, and it causes acidification due to HNO3 formation (Bobbink et al. 1998; Camargo & 
Alonso 2006). Elevated nitrate concentrations in freshwater wetlands can also prevent 
phosphorus release and thereby eutrophication. Andersen (1982) investigated the relation 
between phosphate release and nitrate concentrations in 31 Danish lakes. In this study, the 
release of phosphate in the anoxic hypolimnion did not occur as long as the oxidized nitrogen 
(mainly nitrate) concentrations remained above 1 g·m-3. Lucassen et al. (2004b) compared two 
restored groundwater-fed, sulfate-enriched fens and found that high groundwater 
concentrations of nitrate restrict the release of phosphate. This phenomenon is an effect of the 
redox buffering capacity of nitrate. Sulfate reduction is impaired in the presence of high 
nitrate concentrations which results in diminished production of sulfide 
(Jenneman et al. 1986). Therefore, nitrate prevents the reduction of iron in iron-phosphate 
complexes by sulfide and the decrease in the amount of iron available for phosphate-binding 
which results from iron sulfide mineral formation. Consequentially; nitrate prevents 
sulfate-induced eutrophication.   
In addition to this potentially positive effect increased nitrate concentrations can also promote 
the anoxic oxidation of iron sulfide minerals by stimulating microbial nitrate reduction 
coupled to iron oxidation and/or sulfide oxidation (Figure 3). The process of anoxic iron 
sulfide mineral oxidation has been mentioned in many studies on freshwater ecosystem 
chemistry to explain field-observations such as dentrification which takes place despite of a 
low availability of organic compounds, and exchanges of nitrate for sulfate (Engesgaard & 
Kipp 1992; Le Bideau & Dudoignon 1996; Aravena & Robertson 1998; Pauwels et al. 1998; 
Beller et al. 2004). Modeling of groundwater transport and reactions, isotopic studies and 
chemical measurements have provided strong evidence for the occurrence of iron sulfide 
mineral oxidation at the expense of nitrate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 3. Reactivity of iron (and metal) sulfide minerals under anoxic 
conditions 
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Postma et al. (1991) identified pyrite (FeS2) as the dominant electron donor for denitrification 
in a sandy aquifer. Modeling results that assumed pyrite oxidation at the expense of oxygen or 
nitrate as the only redox processes closely approximated the collected field data. 
Consequentially; the concentration and distribution of pyrite in the sediments was presumed 
the controlling factor for nitrate migration in the anoxic zone of this aquifer. It has been 
suggested in the past that anoxic iron sulfide mineral oxidation could limit the detrimental 
effect of (over)fertilization on drinking water quality. Böttcher et al. (1990) performed studies 
on municipal extraction wells in an area receiving high nitrate inputs. Despite the high nitrate 
inputs extracted water from these wells remained almost nitrate-free. Measurements in several 
multilevel groundwater wells indeed showed depth functions of nitrate and sulfate 
characteristic for autotrophic denitrification at the expense of reduced sulfur compounds. 
Robertson et al. (1996) and Boukes et al. (1996) reported similarly on the role of anoxic iron 
sulfide mineral oxidation in the protection of groundwater against high nitrate concentrations. 
The mobilization of trace metals (Broers & Buijs 1997) and the production of potentially high 
amounts of sulfate from iron sulfide mineral oxidation however, are negative effects that 
cannot be ignored. Especially when the sulfate produced is transported to systems with 
nitrate-poor conditions this could lead to internal eutrophication (see above) due to iron 
sulfide mineral reformation and associated phosphate release. In addition, iron sulfide mineral 
reformation in more shallow zones of soils and sediments would increase the risk of aerobic 
iron sulfide mineral oxidation when the system changes to oxic conditions.   
 
Microbiology associated with increased sulfate and nitrate inputs 
 
Fundamental knowledge on wetland biogeochemical processes, and their microbial 
components, would benefit our understanding of wetland functioning. This would increase 
our understanding of wetland susceptibility to disturbances and would help us decide what 
measures could be taken to preserve these fragile and valuable ecosystems. This thesis 
focuses on the microbial mediators of some important biogeochemical processes in freshwater 
wetlands. Increased nitrate and sulfate inputs in freshwater wetlands stimulate the growth and 
activities of microorganisms that use these compounds, or their products, in redox chemistry 
such as sulfate reducers, nitrate reducers, sulfur oxidizers, and iron cycle bacteria.  
The process of sulfate reduction and its microbiology has been investigated since the end of 
the 19th century and extensive data are available concerning process chemistry, microbial 
species involved and their physiology and phylogeny (Rabus et al. 2000; Castro et al. 2000; 
Holmer & Storkholm 2001).  
Microbial reduction of nitrate with concominant production of gaseous nitrogenous 
compounds with mostly dinitrogen gas as the end product is known as denitrification. A wide 
variety of microorganisms ranging from heterotrophic to chemolithoautotrophic species is 
known to participate in denitrification and the extent of available data is similar to that of 
sulfate reduction (Mateju et al. 1992; Zumft 1997; Shapleigh 2000). The denitrification 
process provides bacteria with a respiratory, mostly oxic, lifestyle (e.g. Pseudomonas, 
Bacillus and Thiobacillus species), with a means to generate energy and proliferate under 
anoxic conditions. A second microbial anoxic energy-generating nitrate-reducing process is 
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DNRA which stands for dissimilatory nitrate reduction to ammonium (Cole 1996; Kelso et al. 
1997; Simon 2002). This nitrate pathway is employed by facultative and obligate fermentative 
bacteria and by iron-reducing Geobacter species (Lovley & Phillips 1988), sulfate-reducing 
bacteria (Moura et al. 1997) and Anammox bacteria (Kartal et al. 2006). In addition, 
sulfide-oxidizing Beggiatoa species have been shown to perform DNRA (Sayama et al. 
2005). Whether denitrification or DNRA is the dominant nitrate reduction process is 
dependent on the redox conditions and the ratio C/e- which is the ratio between available 
carbon and nitrate (Tiedje et al. 1982; Mohan et al. 2004). In high C/e- ratio environments, 
such as the rumen, DNRA will prevail whereas denitrification will dominate environments 
with a low C/e- ratio such as soils or lake sediments. The predominance of DNRA under low 
redox conditions has three possible reasons (Jørgensen 1989). One is the inhibition of 
denitrification by free sulfide. A second reason could be the constitutive nature of the 
nitrate-reducing enzymes of DNRA microorganisms which gives them a competitive 
advantage under conditions of highly variable nitrate availability. In addition, DNRA bacteria 
can easily switch to other energy-generating processes when nitrate is depleted. 
The studies presented in this thesis focus on the specific functional groups of sulfur-oxidizing 
nitrate-reducing bacteria, iron-oxidizing bacteria and iron-reducing bacteria. 
A physiologically and phylogenetically diverse group of microorganisms is capable of the 
oxidation of reduced sulfur compounds at the expense of nitrate (Table 3). Some of these, 
such as Beggiatoa, are known to produce ammonium. The sulfur-oxidizing nitrate reducers 
that do not produce ammonium are mostly incomplete denitrifiers that produce nitrite or 
complete denitrifiers that produce dinitrogen gas. Nitrite producers such as the 
chemolithoautotrophic Sulfuricurvum kuijense have to cope with the toxicity of their own 
product. Inhibition of growth was observed for Sulfuricurvum when nitrite concentrations 
exceeded 0.7 mM (Kodama & Watanabe 2003). Such bacteria will therefore be dependent on 
low in situ nitrate inputs or nitrite-reducing activity of other bacteria or transport of the 
produced nitrite away from the cells (e.g. by groundwater flow) to maintain low nitrite 
conditions. Complete denitrifiers such as the chemolithoautotrophic Thiobacillus denitrificans 
do not encounter this problem, unless an internal enzymatic imbalance of nitrate reductase 
and nitrite reductase activity is present. This can occur when these bacteria are exposed to 
high nitrate concentrations, which temporarily imbalances the electron donor to acceptor ratio, 
or under adverse or abrupt changing environmental conditions (Timmer-ten Hoor 1976, Otte 
et al. 1996, Baumann et al. 1997a, 1997b). Recently, the complete genome sequence of 
Thiobacillus denitrificans strain ATCC 25259 has become available (Beller et al. 2006). 
Analysis of this genome sequence is expected to provide valuable data necessary for the 
understanding of the molecular and biochemical basis of the metabolic capacities of this 
bacterium and ultimately its role in biogeochemical cycling. Sulfur-oxidizing nitrate-reducing 
microorganisms produce sulfate under anoxic conditions and are likely mediators of anoxic 
iron sulfide mineral oxidation. In freshwater ecosystems that are poor in labile organic carbon 
and that receive nitrate inputs, the chemolithoautotrophic denitrifying bacteria are expected to 
be of particular importance to the process of anoxic iron sulfide mineral oxidation. 
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Microbial iron oxidation occurs in neutral environments under oxygen-limited to anaerobic 
conditions. Neutrophilic microbial iron oxidizers can be roughly divided into three groups of 
microorganisms: anoxygenic phototrophs, micro-aerophilic species, and nitrate-reducing 
species (Table 4). In addition, anaerobic (per)chlorate-dependent iron oxidation has been 
described in acetate, perchlorate and ferrous iron-containing stationary phase cultures of 
Dechloromonas agitate and Azospira oryzae strain PS (Weber et al. 2006a).  Iron oxidizers 
have been shown to promote iron sulfide mineral dissolution in a marine environment. 
Edwards et al. (2004) showed that these organisms were responsible for a 6-8 times 
acceleration of the dissolution rate of iron sulfide minerals in comparison to abiotic rates. Like 
the sulfur-oxidizing nitrate reducers, iron-oxidizing nitrate-reducing bacteria are expected to 
contribute to iron sulfide mineral dissolution in freshwater wetland ecosystems. 
Microbial iron reduction takes place under anoxic to anaerobic conditions. Two major groups 
of microbial dissimilatory iron reducers can be distinguished: those who use the reduction 
merely as an electron sink (fermenting bacteria), and those who conserve energy for growth 
from iron reduction coupled to H2, S0 or organic compound oxidation (Thamdrup 2000; Table 
5). In addition, many sulfate-reducing microorganisms have been shown to enzymatically 
reduce iron, although growth of these organisms with ferric iron as the sole electron acceptor 
has not been convincingly demonstrated (Lovley 2000). Furthermore, a completely new 
microbial process (Feammox) coupling iron reduction to ammonia oxidation to nitrite has 
been proposed recently (Clément et al. 2005; Sawayama 2006). Iron-reducing 
microorganisms have been shown to be able to convert different aquatic toxicants (Lovley & 
Anderson 2000) such as aromatic hydrocarbons (e.g. benzene, toluene) and chlorinated 
organics (e.g. tetrachloroethylene). Furthermore, many iron-reducing microorganisms can use 
other metals and metalloids instead of ferric iron as an electron acceptor and alter their 
toxicity (e.g. reduction of soluble and toxic chromium, Cr(VI), to less soluble and toxic 
Cr(III).  
Microbial iron redox chemistry ultimately influences the availability, speciation and redox 
state of iron and other metals and is therefore also an important determinant in the occurrence 
of metal toxicity.  
 
Interactions  
 
The above described microbial functional groups will interact with other groups sharing the 
same habitats in the ecosystem. Sulfur-oxidizing and iron-oxidizing bacteria for example may 
compete for electron acceptors under oxygen and/or nitrate limited conditions. In addition to 
competitive interactions these micoorganisms may benefit from each others activities e.g. 
during the oxidation of iron sulfide minerals. Pure cultures of iron oxidizers and sulfur 
oxidizers that oxidize iron sulfide minerals have been described previously (e.g. Straub et al. 
1996; Edwards et al. 2003). One can imagine however, that, especially in the case of more 
crystalline iron sulfide minerals such as pyrite, sulfur oxidizers would profit from the 
dissolution of the minerals by iron oxidizers and vice versa. Iron-oxidizing and iron-reducing 
bacteria will obviously interact because iron oxiders produce oxidized iron species which may 
serve as substrates for iron-reducing bacteria (e.g. Roden et al. 2004; Weber et al. 2006c). 
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Microbial micro-aerophilic and nitrate-reducing iron oxidation is restricted to conditions 
where oxygen and nitrate are available, while microbial iron-reducing activity is restricted to 
low redox potential conditions, although Geobacter sulfurreducens has been shown to grow 
under aerobic conditions (Lin et al. 2004). Non-phototrophic iron oxidizers will therefore 
probably exist separated from iron reducers either spatially (e.g. in the overlying waterphase, 
while iron reduction takes place in the sediment) or temporally (e.g. iron oxidation after 
nitrate influx, iron reduction after nitrate depletion). As is already evident from the examples 
above; the sulfur, nitrogen and iron cycles have an interdependence caused by the 
(inter)actions of their respective microbial players. Data on the identity, activity and 
interactions of these microbial players in freshwater ecosystems however is scarce. 
 
Outline 
 
The aim of the research presented in this thesis was to gain insight into the microbial 
mediators of the sulfur, nitrogen and iron cycles in freshwater wetland ecosystems. Special 
attention was paid to nitrate-dependent processes and iron sulfide mineral oxidation.  
Chapter 2 describes the development of molecular tools to identify the possible key microbial 
players in nitrate-dependent iron sulfide mineral oxidation through fluorescence microscopy. 
The developed method was applied in a detailed examination of soil samples from iron-
sulfide- and nitrate-rich freshwater nature reserve Het Zwart Water and of enrichment cultures 
derived from these soil samples. The microbial studies were complemented by chemical 
analysis of the samples. Together these examinations resulted in the hypothesis that members 
of the betaproteobacterial genus Thiobacillus are important mediators of iron sulfide mineral 
oxidation at the expense of nitrate in freshwater systems such as Het Zwart Water.  
Chapter 3 describes the results of experiments performed with an anoxic bioreactor under 
freshwater conditions, derived from soil collected from Het Zwart Water. The potential of two 
types of iron sulfide minerals (a crystalline pyrite and a chemically prepared iron sulfide 
suspension) to function as electron donors for microbial nitrate reduction were evaluated. In 
addition, molecular and physiological data on the microbial community of the bioreactor and 
the processes taking place in the reactor further substantiated the hypothesis formulated in 
Chapter 2. 
In Chapter 4, the microbial community of iron seeps in the freshwater nature reserve De 
Bruuk was explored with molecular methods. Furthermore, attention was paid to nitrate-
dependent oxidation of thiosulfate and dimethylsulfide by bacterial cultures derived from this 
nature reserve.  
Chapter 5 adressed the question which bacteria were involved in iron cycling in groundwater 
collected from Het Zwart Water. Results from culture-dependent and culture-independent 
methods were presented and compared and showed that iron-oxidizing nitrate-reducing 
bacteria are of importance to the redox cycling of iron in the groundwater. In addition, 
Chapter 5 provides an illustration of the necessity to employ both culture-dependent and 
culture-independent methods in studies on microbial activities.  
Finally, the results from the foregoing chapters and their implications are reviewed in 
Chapter 6.  
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ABSTRACT 
 
The Thiobacilli are an important group of autotrophic bacteria in nature linking the 
biogeochemical cycles of sulfur and nitrogen. Betaproteobacterial Thiobacilli are very likely 
candidates for mediating the process of nitrate-dependent anoxic iron sulfide mineral 
oxidation in freshwater wetlands. A Thiobacillus denitrificans-like bacterium was present in 
an enrichment on thiosulfate and nitrate, derived from an iron-sulfide- and nitrate-rich 
freshwater environment. Preliminary FISH analysis showed that the 16S rRNA gene-based 
bacterial probe mix showed great variation in intensity under different culture conditions. 
Furthermore, the widely applied 23S rRNA gene-based probe set BET42a/GAM42a 
incorrectly identified the T. denitrificans-like bacterium as a member of the 
Gammaproteobacteria. To circumvent these problems, the 23S rRNA genes of two T.  
denitrificans strains were partially sequenced and a new 23S rRNA gene-based probe 
(Betthio1001) specific for betaproteobacterial Thiobacilli was designed. Use of this new 
probe Betthio1001, combined with field measurements, indicates the involvement of 
Thiobacilli in the process of nitrate-dependent iron sulfide mineral oxidation.  
 
INTRODUCTION 
 
Thiobacilli are found in many different ecosystems, playing an important role in the 
conversion of inorganic sulfur compounds. Thiobacillus species have been assigned to the 
Alpha- (e.g. T. acidophilus), Gamma- (e.g T. ferrooxidans) and Beta-subclasses (e.g T. 
denitrificans) of the Proteobacteria (Lane et al. 1992). Although at first only obligate 
chemolithotrophs were included in the genus Thiobacillus, it became a heterogenic genus in 
which the species shared the ability to use reduced inorganic sulfur compounds for growth 
(Kelly & Harrison 1989; McDonald et al. 1997). Reclassification efforts however have 
resulted in a single betaproteobacterial genus Thiobacillus with only chemolithoautotrophic 
species.  Former Thiobacillus species belonging to the Gamma- and Alpha- subclasses and 
mixotrophic betaproteobacterial species were transferred to other genera (e.g. 
Acidothiobacillus, Paracoccus, Thiomonas, Moreira & Amils 1997; Kelly & Wood 2000b; 
Kelly et al. 2000) . The ability to grow under anaerobic conditions coupling the oxidation of 
inorganic sulfur compounds to the reduction of nitrate and other oxidized nitrogen compounds 
to dinitrogen, distinguishes T. denitrificans from all other Thiobacilli. Thiobacillus 
denitrificans, a member of the Betaproteobacteria, is found in soil, mud, freshwater- and 
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marine sediments and in domestic sewage, industrial waste-treatment lagoons and digestion 
tanks (Kelly & Wood 2000a).  
The wide distribution of T. denitrificans implies that this bacterium plays an important role in 
the nitrate-dependent anaerobic oxidation of reduced sulfur compounds on a global scale, 
linking the biogeochemical cycles of sulfur and nitrogen (Beller et al. 2006). The bacterium 
has been studied extensively for its applicability in the treatment of various sulfide-rich waste 
streams such as sour water, sour gases and spent-sulfidic caustics, and has proved to be an 
effective biocatalyst (Lee & Sublette 1993; Sublette et al. 1998). In addition to the oxidation 
of sulfur, T. denitrificans is capable of oxidation of ferrous iron and iron sulfides, and even 
the oxidation of U(IV) oxide minerals under anaerobic conditions (Buchholz-Cleven et al. 
1997; Beller 2005, Beller et al. 2006). Another process in which betaproteobacterial 
Thiobacilli are expected to play an important role is the nitrate-dependent oxidation of FeSx 
minerals in many subsurface ecosystems. Many subsoils are rich in iron sulfides and pyrite 
because of their marine origin. Run-off of nitrate from agricultural land disappears in the 
subsoil and is exchanged for sulfate at the depth at which the layer of FeSx minerals is present 
(Broers & Buijs 1997; Lucassen et al. 2002). Simultaneous with the oxidation of the iron 
sulfide minerals, toxic metals, incorporated or adhering to the FeSx minerals, will be released. 
Another adverse effect of this process is the release of sulfate, which leads to internal 
eutrophication (Roelofs 1991; Lamers et al. 2001). The process of iron sulfide mineral 
oxidation with nitrate is probably caused by microbial chemolithoautotrophic oxidation with 
nitrate as the electron acceptor. Betaproteobacterial Thiobacilli, such as T. denitrificans, are 
good candidates for mediating this process in anoxic nitrate-rich subsoils.  
The potential importance of betaproteobacterial Thiobacilli in the abovementioned processes, 
and the lack of proper molecular methods, was an incentive to develop molecular microscopic 
tools to detect these bacteria in environmental samples. In this study, the possibility of 
detection of betaproteobacterial Thiobacilli with fluorescence in situ hybridization (FISH) is 
investigated in detail. The anomalous hybridization of T. denitrificans with the long-
established probe set BET42A/GAM42a is described, and the observation of differences in 
the hybridization pattern of the probe mix of EUB338, EUB II and EUB III between different 
cultures is reported.  A new probe, developed on the basis of the 23S rRNA gene sequence, is 
presented and used to identify the key player in the process of anaerobic iron sulfide mineral 
oxidation in a natural freshwater environment.  
 
MATERIALS AND METHODS 
 
Soil sampling  
 
Soil samples were collected around the partially terrestrialized lake De Venkoelen situated in 
the nature reserve Het Zwart Water (51° 24’N; 6° 11E’). All samples were collected by hand 
with a soil corer. To limit exposure to the air, soil samples were immediately wrapped in 
plastic foil. Water samples were transferred into glass-stopper bottles and closed with an 
aluminium crimp seal. In October 2002, 13 samples (from 10 cm down to 3 m depth) were 
collected from three sites. Two sites (site 1 and 2) were situated 1 m from the edge of the lake, 
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10 m apart from each other; the third site (site 3) was approximately 200 m from the edge of 
the lake. The acid volatile sulfur (AVS) content of these samples was determined (see below) 
upon arrival at the laboratory. Detection of AVS indicates the presence of iron sulfide 
minerals. A thiosulfate- and nitrate-amended enrichment culture was inoculated with soil (see 
below) from the horizon with the highest AVS content (60 nmol g-1, site 1 at a depth of 
1.5 m). In October 2004 we collected a sample of groundwater from the same site at 1.5 m 
depth. In August 2005 a soil core from 20 cm down to 5.3 m depth was collected at site 3 (21 
samples). Portions of samples collected were immediately fixed for FISH analysis (1 ml of 
4% w/v paraformaldehyde added to 0.2 g of sample). Moisture contents of the soil samples 
were determined by measuring wet and dry weights (DW). For chemical analyses, aliquots of 
fresh soil (35 g) were extracted with 100 ml of bidistilled water (MilliQ, Millipore SA, 
Moisheim, France). After 1 h of shaking at 100 rpm, supernatants were collected and filtered 
using a soil moisture sampler (Rhizon, Eijkelkamp Agrisearch Equipment, Giesbeek, the 
Netherlands). To prevent metal ion precipitation, collected supernatants were acidified with 
citric acid (final concentration 0.125 g L-1) and kept at -20 °C until analysis. 
 
Cultures 
 
Bacterial culturing on reduced sulfur compounds was performed in liquid mineral media 
under a gas atmosphere of N2/CO2 (80%/20%), and incubated at 30 °C and 150 rpm. 
Composition of the mineral medium was (g L-1) KHCO3 1, KH2PO4 2.5, K2HPO4 2.5, NH4Cl 
0.1, KCl 0.1, CaCl2w2H2O 0.12, MgCl2w6H2O 0.08 and 0.5 ml L-1 of a trace element solution 
(van de Graaf et al. 1996). The pH of the mineral medium was 7. Nitrate and thiosulfate or 
iron sulfide where supplied from sterile stock solutions. Iron sulfide was chemically prepared 
as described previously (Hanert 1981). Thiobacillus denitrificans strain DSM 739 was 
obtained from the DSMZ strain collection. An enrichment culture (50 ml) on thiosulfate 
(5 mM) and nitrate (8 mM) was derived from site 1 (sample taken at 1.5 m depth). In total, 
this culture was transferred 12 times by tenfold dilution after which biomass from this culture 
was used in an activity experiment on iron sulfide and nitrate as described below, a portion 
was fixed for FISH analysis and the remainder of the culture was stored at 4°C for future use. 
To evaluate the effect of culture conditions on FISH analysis results, T. denitrificans strain 
DSM 739 grown on mineral medium (5 mM nitrate and 8 mM thiosulfate) was used to 
inoculate two different cultures. Culture A was fed with 20 mM thiosulfate and 32 mM nitrate 
and incubated for 3 months. After this period the medium was replenished, and 1 day later 
biomass was removed and fixed for FISH analysis. Culture B was fed with 5 mM thiosulfate 
and 8 mM of nitrate and incubated for 14 days. To follow the activity of the culture, 
thiosulfate, sulfate and nitrite concentrations were measured on day 0, 6, 11 and 13. On day 6, 
11 and 13 additional amounts of thiosulfate (5 mM) and nitrate (8 mM) were added. On day 
14, biomass was fixed for FISH analysis. To obtain a pure culture of Thiobacillus sp. the 
enrichment culture stored at 4 °C was first checked for heterotrophic contamination by plating 
aliquots (1 ml) of 10-fold concentrated culture material on a Luria Bertoni (LB) medium plate 
without nitrate (composition (g L-1) peptone 10, yeast extract 2.5, NaCl 5 and agar 15) and a 
LB plate supplemented with 20 mM nitrate. The first plate was incubated for 24 h at 30°C 
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under oxic conditions. The second was incubated for 1 week at 30 °C under a gas atmosphere 
of N2/CO2 (80%/20%). Heterotrophic colonies were transferred to LB liquid media (5 ml, no 
agar) and incubated for 24 h at 30 °C under oxic conditions to obtain sufficient biomass for 
DNA extraction and to inoculate (0.5 ml of the LB liquid culture) a mineral media culture 
(250 ml) on thiosulfate (5 mM) and nitrate (8 mM). After the evaluation of heterotrophic 
contamination, material from the enrichment culture that was stored at 4 °C was used to 
inoculate a dilution series (10 ml mineral medium per dilution, amended with 5 mM 
thiosulfate and 8 mM nitrate, tenfold dilutions, to 10-10). This dilution series was incubated for 
2 weeks. The highest dilution exhibiting growth was transferred to a 50 ml nitrate- (5 mM) 
and thiosulfate- (8 mM) medium, which was subsequently transferred twice (20-fold dilution, 
250 ml cultures, transfer after one month of incubation). Checks for heterotrophic 
contaminant-growth on LB plates were performed after each incubation. Biomass from the 
final subculture was used to extract DNA for 16S rRNA gene sequence analysis and was fixed 
for FISH analysis. Furthermore, an activity experiment on thiosulfate and nitrate was done 
with this biomass as described below. 
 
Activity experiments 
 
An experiment was performed to evaluate the capacity of the bacteria from the enrichment 
culture on thiosulfate and nitrate to oxidize iron sulfide at the expense of nitrate. In this 
experiment, biomass (0.4 mg protein) from the enrichment culture was centrifuged and 
washed to remove remaining sulfate, thiosulfate and nitrate. After this, the biomass was 
suspended in mineral medium (10 ml), and supplemented with nitrate (5 mM) and a 
chemically prepared iron sulfide suspension (50 µl, equal to 1 mmol). 
An activity experiment on thiosulfate and nitrate was performed with biomass from the final 
subculture resulting from the serial dilution series. In this experiment 5 ml of the subculture 
was suspended in 250 ml mineral medium, supplemented with nitrate (8 mM) and thiosulfate 
(5 mM) and incubated for 73 h.  
 
16S and 23S rRNA cloning and gene sequencing 
 
Cells of the reference organism Thiobacillus denitrificans strain DSM 739, the enrichment 
culture, the heterotrophic contaminant of the enrichment culture, and the final subculture 
resulting from the dilution series, were harvested by centrifugation. DNA was extracted by 
standard procedures. Hot-start PCR reactions were performed in a T gradient PCR apparatus 
(Whatman Biometra, Göttingen, Germany). All primers used in this study are listed in 
Table 1. The 16S rRNA primers (616F, 630R) and the 23S rRNA primers (335F, 1037RMOD ), 
resulted in 1500 bp and 1880 bp products, respectively. The PCR products were purified and 
cloned. Clones were checked by restriction analysis of plasmid DNA (EcoR1, Fermentas 
UAB, Vilnius, Lithuania). Partial 16S rRNA gene-, and 23S rRNA gene sequences were 
obtained with sequencing primers: 610IIF (16S), 1021FMOD (23S) and 1274F (23S). Almost 
full-length 16S rRNA gene sequences were obtained with sequencing primers 610IIF, 1390R, 
and the primers flanking the multiple cloning site of the cloning vector: M13F and M13R. 
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TABLE 1. Specifications of the primers used in this study 
 
Primer Sequence (5’-3’)  Position* References 
616F AGAGTTTGATYMTGGCTCAG 16S, 8-27 Juretschko et al. 1998 
630R CAKAAAGGAGGTGATCC 16S, 1529-1545 Juretschko et al. 1998 
1390R GACGGGCGGTGTGTACAA 16S,  1390-1407 Zheng et al. 1996 
610IIF GTGCCAGCAGCCGCGGT 16S, 479-495 Juretschko et al. 1998; 
Ustinova et al. 2001 
335FMOD GGDGGATGYCWHGG 23S, 23-36 ** 
1037RMOD  CGACAAGGAAYTTCGCTAC 23S, 1930-1948 Ludwig et al. 1992 
1021FMOD AGGGRAACARCCCMGA 23S, 975-990  Ludwig et al. 1992 
1274F GCGTRGCTTTTGTAKAATG 23S, 559-597 Ludwig et al. 1992 
 
* E. coli numbering 
** sequence associated information (SAI) in the 23S rRNA dataset (Ludwig et al. 2004) 
 
Accession numbers 
 
The 16S rRNA gene sequences from the enrichment culture are available in GenBank under 
accession numbers: DQ407814 (restriction type 1) and DQ407815 (restriction type 2). The 
23S rRNA gene sequence of the dominant clone from the enrichment culture is available 
under accession number DQ407813. The 16S sequence of strain DSM 739 is available in 
GenBank under accession number DQ407816, and the 23S rRNA gene sequence under 
accession number DQ187925. The 16S rRNA gene sequence of the heterotrophic contaminant 
is available under accession number EF079669. The 16S rRNA gene sequence from the 
Thiobacillus sp. culture is available under accession number EF079668. 
 
FISH, probe design and testing 
 
FISH analyses were performed as described by Amann et al. (1990). Vectashield mounting 
medium was used to enhance the fluorescent signal (Vector Laboratories Inc., Burlingame, 
CA). Specifications and details of probes used in this study are presented in Table 2. Probes 
were purchased as Cy-3, Cy-5 and 5(6)-carboxyfluoresein-N-hydroxysuccinimide ester 
(FLUOS)-labeled derivatives from Thermohybaid (Ulm, Germany). For image acquisitions, a 
Zeiss Axioplan 2 epifluorescence microscope (Zeiss, Jena, Germany) was used with the 
standard software package (version 3.1).  
A specific 23S rRNA gene sequence-based probe was designed for the betaproteobacterial 
Thiobacilli using the probe design tool of the ARB software package (Ludwig et al. 2004). 
The 23S rRNA gene database (available upon request, Department of Microbiology, Radboud 
University Nijmegen) contained over 1300 sequences, including the sequences obtained in 
this study. The resulting probe, Betthio1001, had at least 3 mismatches to all nontarget 
organisms (ARB 23S rRNA and GenBank datasets). The oligonucleotide probe sequence has 
been deposited at probeBase (http://www.probeBase.net; Loy et al. 2003). To test this new 
probe, paraformaldehyde-fixed cells obtained from T. denitrificans strain DSM 739 were used 
in FISH analyses. The optimal formamide concentration for hybridization determined as 
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described by Manz et al. (1992) was 30%, and all further hybridizations were performed at 
this concentration. The bacterial probe mix (probes EUB338, II and III) was used as a control 
(Daims et al. 1999). Microscopic inspections were performed at a 1000-fold magnification.  
Bacterial numbers in paraformaldehyde-fixed culture samples were determined by analyzing 
at least seven pictures taken from a specific hybridization and counting the total number of 
bacteria visible in phase-contrast and the total number of bacteria hybridizing. Vectashield 
mounting fluid with DAPI (4,6-diamidino-2-phenylindole) was used on random samples to 
stain all DNA; the DAPI signal was identical to the phase-contrast picture. Approximately 
200 bacteria were present per picture. For culture A (see above), control experiments were 
performed to exclude an effect of a suboptimal probe-to-biomass ratio on hybridization with 
the bacterial probe mix. First, the amount of probe was increased; fixed cells from culture A 
(5 µl) were hybridized with either: 1 µl, 2 µl or 4 µl of bacterial probe mix. Second, either 5 
µl undiluted, 5 µl 10-fold diluted or 5 µl 50-fold diluted fixed cells from culture A were 
hybridized with bacterial probe mix (1 µl).  
FISH analysis on the paraformaldehyde-fixed subsamples of the soil core was performed with 
a combination of the bacterial probe mix and probe Betthio1001. Vectashield mounting fluid 
with DAPI was used to stain all DNA to determine total bacteria numbers. Quantitative 
analyses were performed as follows. Per sample, 4 pictures showing at least 10 DAPI- stained 
cells were selected. After this, the DAPI and probe-hybridizing cells were counted. Bacteria 
numbers were calculated and expressed per g DW.  
 
Chemical analysis 
 
AVS content of soil samples (n = 4) was determined by transferring wet soil (0.2 g) to a glass 
serum bottle (60 ml). After flushing with N2, 1 M H2SO4 (2 ml) was added. After 1 h, sulfide 
in the headspace was determined using a Packard 438A gas chromatograph equipped with a 
Carbopack B HT100 column (40/60 mesh) (Derikx et al. 1990). Nitrate in filtered extracts 
from soil samples (see above) was determined (Kamphake et al. 1967) using an autoanalyser 
(type AA II, Technicon Instruments, Tarrytown, NY). Soluble iron in extracts from soil 
samples was determined by inductively coupled plasma mass spectrometry (ICP-MS X-series, 
Thermo, Waltham, MA). A turbidometric method for sulfate determination developed by the 
American Public Health Associaton (1980) was modified to handle smaller volumes. In this 
adapted protocol, sample (200 µl) was mixed with 500 µl 0.2 M HCl, and 500 µl of a 4°C 
 
TABLE 2. Specifications of the probes used in this study   
Name 
 
Sequence (5’-3’) of probe 
 
Specificity 
 
Label 
 
References  
EUB 338 
 
GCTGCCTCCCGTAGGAGT 
 
Bacteria 
 
Cy-5 
 
Daims et al. 1999  
EUB 338 II 
 
GCAGCCACCCGTAGGTGT 
 
Planctomycetales 
 
Cy-5 
 
Daims et al. 1999  
EUB 338 III 
 
GCTGCCACCCGTAGGTGT 
 
Verrucomicobiales 
 
Cy-5 
 
Daims et al. 1999  
BET 42a  
 
GCCTTCCCACTTCGTTT 
 
ß-Proteobacteria 
 
FLUOS 
 
Manz et al. 1992  
GAM 42a 
 
GCCTTCCCACATCGTTT 
 
γ-Proteobacteria 
 
Cy-3 
 
Manz et al. 1992  
Betthio1001 
 
CTTAGCACGTCATTTGGGACC 
 
ß-proteobacterial 
Thiobacilli 
 
Cy-3 
FLUOS 
 
This study 
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0.05 M BaCl2/gelatine (0.3%, w/v) solution and measured at 425 nm. Nitrate analysis 
(Cataldo et al. 1975), of samples from iron-sulfide-amended cultures, was performed by 
mixing sample (40 µl) with a saturated sulfonamide solution (10 µl), after which 2 ml of 4°C 
4 M NaOH was added. After 30 min at room temperature (RT), samples were measured at 
420 nm. To measure nitrite, sample (1 ml) was mixed with 1 ml of reagent A (10 g of sulfanyl 
acid in 83 ml of 37% HCl adjusted to 1 L with distilled water) and 1 ml reagent B 
[0.1 % (w/v) 1-N-napthylethylenediamine dihydrochloride in distilled water] (Griess-Romijn 
van Eck 1966). After 10 min (RT), samples were measured at 540 nm. Protein determination 
was performed with bincinchoninic reagent according to the instructions supplied by the 
manufacturer (Pierce, Rockford, IL). High performance liquid chromatography (HPLC) was 
used for measurement of nitrate, nitrite and thiosulfate for the thiosulfate- and nitrate- 
amended Thiobacillus sp. culture activity experiment because thiosulfate interferes with the 
colorimetric determination of nitrate. Injection of 10 µl of sample was performed with a 
Packard 1050 series autosampler. A sodium hydroxide solution was used as the liquid phase 
at a flow rate of 1.5 ml min-1. The anions were separated using a hydroxide gradient elution 
from 1 mM to 50 mM in 15 min. Separations were performed on a 4x250mm Ionpac AS11-
HC (Dionex, UK) column at 30°C. 
 
RESULTS 
 
In iron-sulfide- and nitrate-rich environments, betaproteobacterial Thiobacilli are very likely 
candidates to mediate the process of anaerobic iron sulfide mineral oxidation. In this study, a 
combination of culture-dependent and culture-independent methods was used to test this 
hypothesis. 
 
Site characteristics 
 
At all sampling sites the highest AVS concentrations were recorded around the groundwater 
level. Figure 1 shows a profile of the AVS, soluble iron, nitrate, and sulfate concentrations of 
the soil core taken at site 3 from 20 cm down to 5.3 m depth. Three distinct AVS peaks can be 
distinguished, around 320 cm, 400 cm and 465 cm depth. The soluble iron concentrations 
showed the same pattern, with the highest values around 345, 400 and 450 cm depth. 
Differences in nitrate and sulfate concentration between the soil core samples were less 
pronounced. However, from 345 cm to 400 cm depth, the nitrate concentration dropped from 
a value of 0.21 µmol g-1 soil (DW) to 0.12 µmol g-1, and the sulfate concentration increased 
from 0.69 to 0.81 µmol g-1 DW. 
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FIG. 1. Depth profile of a soil core taken from Het Zwart Water. D.W. = dry 
weight. GWT indicates the ground water table.   y, acid volatile sulfur 
(AVS); ○, iron; , nitrate; c, sulfate; □, percentage Betthio 1001 of total 
count (DAPI). The error bars for the FISH analysis indicate standard 
errors of the mean (n = 4). The mean value of total bacterial counts 
(DAPI) was 6.4 × 107 cells g-1 D.W. (standard deviation = 2.0 × 107). 
 
Activity of the enrichment culture on iron sulfide and nitrate 
 
An enrichment culture was derived from a sample from site 1 (1.5 m depth). After twelve 
transfers, the enrichment culture consisted of small motile rods, as determined by phase-
contrast microscopy. The culture appeared to possess uniform cell morphology. To establish 
whether these bacteria were capable of oxidizing iron sulfide at the expense of nitrate, a 
small-scale experiment was performed. During a period of 41 h, 18 µmol sulfate mg protein-1 
was produced at the expense of 44 µmol nitrate mg protein-1. Approximately 70% of the 
nitrate consumed was converted to nitrite.  
 
Further culturing on thiosulfate and nitrate 
 
The enrichment culture material stored at 4 °C was used to obtain a Thiobacillus sp. pure 
culture for future studies. A heterotrophic contaminant appeared to be present in the 
enrichment culture. Green-pigmented colonies with a uniform morphology developed on both 
the LB plates incubated under oxic conditions and incubated under a N2/CO2 gas atmosphere 
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in the presence of nitrate. Phase-contrast microscopy showed the colonies consisted of long, 
straight rod-shaped bacteria. The nitrate- and thiosulfate-amended mineral medium culture 
inoculated with heterotrophic biomass did not exhibit activity or growth during 1 month of 
incubation. The presence of the heterotrophic contaminant was no longer detected in the 
thiosulfate- and nitrate-amended cultures derived from the 109 dilution of the dilution series.  
In the activity experiment of the final subculture on thiosulfate and nitrate; 5.7 mM of 
thiosulfate was consumed in 73 h, at the expense of 5.8 mM nitrate, with a concomitant 
formation of 10.6 mM sulfate (Figure 2). No significant nitrite formation or consumption was 
observed. The OD600 increase showed a clear relation to nitrate-reducing and 
sulfate-producing activity. The activity stopped when thiosulfate was depleted.    
 
 
FIG. 2. The results from the HPLC measurements                          
             of nitrate, nitrite and thiosulfate, the turbi- 
             dometric sulfate determinations and the  
             OD600 measurements of the 73 h activity        
             experiment with the final subculture on  
             thiosulfate and nitrate.■, nitrate; □, nitrite;   
             ○, thiosulfate; ●, sulfate; ∆, OD600. 
 
 
 
 
 
 
 
 
 
 
 
16S rRNA gene analysis  
 
A restriction analysis of clones (11) obtained from a 16S rRNA gene-specific PCR on 
biomass from the enrichment culture revealed two types of restriction patterns. Type 1 (seven 
clones), showed a single band around 750 bp. Type 2 (four clones) showed two distinct bands, 
situated around 650 and 850 bp. From the sequence analysis of the restriction type 1 clones 
(three clones), a consensus sequence of 696 bp could be assembled. Comparison of this 
sequence with previously published sequences, showed 100% sequence identity to an ‘iron 
oxidizing, denitrifying bacterium’ (accession numbers in Genbank: U51101, U51104 and 
U51105) (Buchholz-Cleven et al. 1997, Straub et al. 2004) belonging to the class of 
Betaproteobacteria. The sequence analysis of restriction type 2 clones (three clones), resulted 
in a consensus sequence of 596 bp. This fragment showed 99% sequence identity to the 16S 
rRNA gene of T. denitrificans ATCC 25259 (the Joint Genome Institute, 
http://genome.ornl.gov/microbial/tbden/).The partial 16S rRNA gene sequence (718 bp, 12 
identical clones) obtained for the reference strain T. denitrificans DSM 739 showed 99% 
sequence identity to the 16S rRNA gene of T. denitrificans ATCC 25259. The 16S rRNA 
gene sequence (1536 bp) obtained from the heterotrophic contaminant isolated from the 
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enrichment culture after storage at 4 °C showed 99% sequence identity to Pseudomonas 
aeruginosa strain LMG 1242T (accession number in GenBank Z76651; Moore et al. 1996). 
Restriction analysis of clones (5) from the final subculture on thiosulfate and nitrate, derived 
from the dilution series, exhibited only restriction type 2 patterns (see above). The 16S rRNA 
gene sequence (1492 bp) obtained from the final subculture showed 98% sequence identity to 
the 16S rRNA gene of T. denitrificans ATCC 25259. 
 
Development of a specific 23S rRNA gene-based probe for Thiobacilli 
 
The well-established 23S rRNA gene-based probe set BET42a/GAM42a (Manz et al. 1992) 
was used for a preliminary FISH screening of the enrichment culture (Figure 3). The 
representative photograph of this analysis shows that about 99% of all bacteria visible in the 
phase-contrast picture hybridized with the GAM42a probe. FISH analysis of the reference 
strain T. denitrificans DSM 739, showed 100% of all visible bacteria hybridizing with probe 
GAM42a. This leads to the conclusion that 99% of all bacteria present in the enrichment 
culture and 100% of the reference strain belong to the Gammaproteobacteria, which 
completely contradicts the results of the 16S rRNA gene analyses. To investigate the 
anomalous hybridization of the BET42a/GAM42a probe set, cloning and sequencing of the 
23S rRNA gene sequences of the enrichment culture and the reference strain were performed. 
Three clones were sequenced for both strain DSM 739 and the enrichment culture. Consensus 
sequences of 1130 bp for DSM 739 and 1271 bp for the enrichment culture both showed 97 % 
sequence identity to the 23S rRNA gene sequence of T. denitrificans ATCC 25259. Careful 
inspection of the 23S rRNA gene sequences revealed the striking feature that these sequences 
contain an exact match for the probe GAM42a, although the bacteria themselves are members 
of the Betaproteobacteria (Figure 4).  From the alignment it is clear that the T present at 
position 1033 for the betaproteobacterial T. denitrificans results in a target site for the FISH 
probe GAM42a. This leads to misidentification of this species as a member of the 
Gammaproteobacteria in FISH analyses. To circumvent this problem we developed a new 
23S rRNA gene-based probe for betaproteobacterial Thiobacilli (Betthio1001).This new 
probe hybridized well with reference strain DSM 739, with 99.9% of the bacteria (phase-
contrast) hybridized.  
 
The effect of culture conditions on the hybridization of the bacterial probe mix 
 
Figure 5 shows a comparison of FISH results with the 16S rRNA gene-based bacterial probe 
mix between two cultures (A and B) of reference strain DSM 739. The main difference 
between these cultures was that the time of substrate depletion and the time of exposure to 
toxic intermediates such as nitrite were considerably higher in culture A. In culture A, a mere 
1%, of all bacteria visible in phase-contrast hybridized with the bacterial probe mix. In culture 
B this was 99.9%. When testing the cultures with the new 23S rRNA gene-based probe these 
values were 44% and 99.9% for cultures A and B, respectively. Control experiments excluded 
the possibility that a suboptimal probe-to-biomass ratio was causing this phenomenon, 
because no significant differences were found.  
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FIG. 3. FISH of the enrichment culture with the 23S rRNA   
             gene-based probe set BET42a/GAM42a.  
             Probe BET42a was FLUOS-labeled (in green), probe  
             GAM42a was Cy-3-labeled (in red). An overlay of    
             the two fluorescent signals is shown. (See page 122  
             for color figure) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
FIG. 4. Alignment of the BET42a/GAM42a probe target positions. The probes BET42a 
     (5’-GCCTTCCCACTTCGTTT-3’) and GAM42a (5’-GCCTTCCCACATCGTTT-3’) described in 
probeBase (Loy et al. 2003), target positions 1027-143 of the 23S rRNA gene. The alignment 
shows positions 1001-1060 of some selected bacteria, the mismatch in probe site in bold. The 
Nitrosomonas europaea and Escherichia coli sequences were extracted from their whole genome 
sequences at MIPS (http://pedant.gsf.de/complete.html). The Thiobacillus denitrificans sequences 
were obtained from (a) strain ATCC 25259 (the Joint Genome Institute, 
http://genome.ornl.gov/microbial/tbden/), and (b) strain DSMZ 739 (this study). (c) the dominant 
clone of the enrichment culture containing 99% Betthio1001-positive cells (this study). Accession 
numbers of Thiomonas cuprinus and Alcaligenes faecalis are X87292 and AJ509010, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5. FISH of cultures A (top pictures) and B (bottom pictures) of Thiobacillus denitrificans strain 
DSMZ 739. From left to right are shown: the phase-contrast picture, the fluorescent signal 
obtained with probe Betthio1001 (Cy-3-labeled, red) and the fluorescent signal obtained with 
the bacterial probe mix (Cy-5-labeled, blue). (See page 122 for color figure) 
T. cuprinus (β)     AGGTCCCTAAATATA-GCTAAGTGGG AAACGAAGTGGGAAGGC TTTGACAGTCAGGAAGT 
A. faecalis (β)     AGGTCCCGAATTATC-GCTAAGTGGG AAACGAAGTGGGAAGGC ATAGACAGTCAGGAGGT 
N. europaea (β)     AGGTCCCAAAGATACAGTTAAGTGGT AAACGAAGTGGGAAGGC ATAGACAGTCAGGAAGT 
E. coli (γ)         AGGTCCCAAAGTCATGGTTAAGTGGG AAACGATGTGGGAAGGC CCAGACAGCCAGGATGT 
T. denitrificansa(β)  AGGTCCCAAATGACGTGCTAAGTGGA AAACGATGTGGGAAGGC ATAGACAGCTAGGAAGT 
T. denitrificansb(β) AGGTCCCAAATGACGTGCTAAGTGGA AAACGATGTGGGAAGGC ATAGACAGCTAGGAAGT 
Dominant clonec (β) AGGTCCCAAATGACGTGCTAAGTGGA AAACGATGTGGGAAGGC ATAGACAGCTAGGAAGT 
                      ******* **      * *******  ****** **********    *****  **** ** 
Probe target 
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Detection of betaproteobacterial Thiobacilli with probe Betthio1001 in the enrichment 
culture and the subculture derived from the dilution series 
 
Figure 6 shows a representative picture of the hybridization with probe Betthio1001 of the 
enrichment culture. Only 2% of all bacteria present in the culture did not hybridize with any 
probe. Of all hybridizing bacteria, 99% hybridized with both Betthio1001 and the bacterial 
probe mix while 1% only hybridized with the bacterial probe mix. Careful examination of the 
morphology of both types of bacteria showed slight differences between them: the bacteria 
only hybridizing with the bacterial probe mix are slightly larger and show up in a darker 
colour in phase-contrast compared with the bacteria hybridizing with both probes. FISH 
analysis with probe Betthio1001 and the bacterial probe mix showed 100% of the bacteria in 
the final thiosulfate- and nitrate-amended subculture, obtained from the highest dilution (109) 
of the dilution series, hybridized with probe Betthio1001.  
 
 
FIG. 6. FISH of the enrichment 
culture with a combination of 
probe Betthio1001 (Cy-3 labeled, 
red) and the bacterial probe mix 
(Cy-5-labeled, blue). Shown is an 
overlay of the phase-contrast 
picture and both probe signals. 
Double hybridization results in a 
pinkish-white signal. (See page 
122 for color figure) 
 
 
 
 
 
 
  
 
FIG. 7. FISH of an iron sulfide-rich, nitrate-rich 
groundwater sample. (A) is the phase-contrast 
picture. (B) shows the signal obtained with the 
bacterial probe mix (Cy-5-labeled, blue). In (C) the 
signal obtained with probe Betthio1001 (Cy-3-
labeled, red) is shown. (C) shows the signal 
obtained with both probes (Cy-3 and Cy-5). (See 
page 122 for color figure) 
        Encircled: three Thiobacillus denitrificans-like cells.
 
Detection of betaproteobacterial Thiobacilli with probe Betthio1001 in an iron-sulfide- 
and nitrate-rich freshwater environment 
 
Probe Betthio1001 was used to investigate the presence of betaproteobacterial Thiobacilli in a 
natural iron-sulfide-rich ecosystem. A groundwater sample of about 1.5 m depth was taken at 
site 1. FISH analysis of this sample was difficult because soil particles showed a high degree 
of autofluorescence. However, as can be seen in the representative picture shown in Figure 7, 
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it was possible to distinguish bacterial shapes hybridizing with both probes (Betthio1001 and 
the bacterial probe mix). Bacteria that showed hybridization with both probes were often 
associated with mineral-like soil particles. FISH analysis was also performed on the core from 
site 3 (Figure 1). Betaproteobacterial Thiobacilli were shown to be present between 280 and 
490 cm depth. (range: 7 – 39% of total DAPI counts).  
 
DISCUSSION 
 
FISH analyses of betaproteobacterial Thiobacilli 
 
In this study it is shown for the first time that an exact GAM42a probe site is present in a 
member of the Betaproteobacteria. The BET42a/GAM42a probe-set was designed in 1992 
(Manz et al. 1992) based upon all 23S rRNA gene sequences known at that time (65 
sequences in total). The few reports on incorrect hybridization showed that GAM42a fails to 
hybridize with all members of the Gammaproteobacteria (Buchholz-Cleven et al. 1997; 
Yeates et al. 2003; Siyambalapitiya & Blackall 2005), a failure that can be corrected for by 
using an additional probe in combination with the probe set. Although the probe set was 
designed quite some time ago, it remained a very robust discriminatory probe between the 
Gammaproteobacteria and Betaproteobacteria. The genomic data from T. denitrificans strain 
ATCC 25259, and the 23S rRNA gene sequence information obtained from the enrichment 
culture in this study confirm that hybridization with the GAM42a probe is not restricted to 
strain DSMZ 739. In conclusion, when samples contain a substantial amount of T. 
denitrificans, the use of the BET42a/GAM42a probe set is very limited as the probe set 
incorrectly identifies this bacterium as a member of the Gammaproteobacteria. It remains to 
be established whether all betaproteobacterial Thiobacilli species have the same A to T 
transition at the target site for the BET42a/GAM42a probe set or whether this phenomenon is 
restricted to T. denitrificans strains. The new 23S betaproteobacterial Thiobacilli-specific 
probe Betthio1001 provides an excellent tool for detection of betaproteobacterial Thiobacilli 
in cultures and environmental samples.  
The observed differences in hybridization patterns between different cultures can be attributed 
to differences in the physiological state of the cells in the cultures. Cells in the incubation 
with low hybridization could have reached a state of starvation at the end of the 3-month 
incubation. For this reason the medium of this culture was replenished just before fixation, but 
a time period of 24 h could be insufficient for the cells to recover. A depletion of a number of 
nutrients including phosphate, nitrogen, carbon or even Mg2+ leads to a dramatic loss of 
ribosomes, in some studies amounting to more than 95% of all ribosomes (Deutscher 2003). 
A reason for the observation that the 23S rRNA gene-based probe Betthio1001 is still 
hybridizing in culture A with 44% of the bacteria present could be that the large subunit is 
still present in detectable amounts while the amount of small subunits dropped below 
detection level. This kind of phenomenon has been described before (Davis et al. 1986), for 
Escherichia coli cells subjected to phosphate starvation. It is concluded that the 23S rRNA 
gene-based probe Betthio1001 is a more robust tool with which to detect T. denitrificans than 
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the bacterial probe mix, especially when the physiological condition of the bacteria is 
unknown, as is often the case in environmental samples or mixed cultures. 
 
Betaproteobacterial Thiobacilli: key players in the process of anaerobic iron sulfide 
mineral oxidation 
 
The enrichment culture, derived from an iron-sulfide-rich soil layer and sub-cultured on 
thiosulfate and nitrate, is capable of autotrophic iron sulfide oxidation coupled to nitrate 
reduction under anaerobic conditions. Theoretically, the observed conversion of nitrate to 
nitrite and dinitrogen gas would generate 16 µmol of sulfate mg protein-1. The measured 
amount of sulfate produced (18 µmol mg protein-1) is in good agreement with the theoretical 
stoichiometry. 
The culture consisted of two species of bacteria as determined by the sequence and FISH 
analyses reported in this study. The majority of the bacteria present in the enrichment, 99%, 
belong to the betaproteobacterial Thiobacilli, with high sequence similarities of the 16S rRNA 
gene sequence and 23S rRNA gene sequence to T. denitrificans strain ATCC 25259, namely 
99% and 97%, respectively. One percent of the bacteria present in this enrichment culture 
belong to another species in the class of Betaproteobacteria, as is shown in Figure 2. 
Sequence analysis of the 16S rRNA clones from this culture indicates these bacteria are 
identical to iron-oxidizing denitrifiers (Buchholz-Cleven et al. 1997, Straub et al. 2004). 
These bacteria are capable of oxidation of ferrous iron coupled to the reduction of nitrate 
under anoxic conditions, and are also capable of growing on organic acids with nitrate or 
oxygen as the electron acceptor. These bacteria account for mere 1% of the total population of 
the enrichment culture as determined by FISH analyses, and are probably persisting in the 
culture by the conversion of organic compounds excreted by the Thiobacilli (Schnaitman & 
Lundgren 1965; Cohen et al. 1979). It is expected that the T. denitrificans-like species is 
responsible for the observed activity of the culture, since 99% of the enrichments population 
consists of betaproteobacterial Thiobacilli. 
The dilution series provided an efficient tool to get rid of the heterotrophic contaminant 
present in the enrichments biomass stored at 4 °C. The results from the FISH and 16S rRNA 
gene analyses for the final thiosulfate- and nitrate-amended subculture derived from the 
dilution series, suggested this culture consisted of Thiobacillus sp. only. No other bacteria 
could be detected. The observed stoichiometry of the culture did not agree with the theoretical 
stoichiometry. The consumption of 5.7 mM thiosulfate would theoretically lead to the 
generation of 11.4 mM sulfate and the consumption of 6.7 mM nitrate. The difference 
between the theoretical and observed nitrate consumption and sulfate production could be 
explained by the production of some sulfur in addition to sulfate. The pure Thiobacillus sp. 
culture can be used for further physiological characterization.  
Furthermore, the presence of betaproteobacterial Thiobacilli was detected using probe 
Betthio1001 on environmental samples taken from the iron sulfide- and nitrate-rich freshwater 
wetland Het Zwart Water. FISH analysis of a groundwater sample taken at site 1 showed that 
bacteria hybridizing with probe Betthio1001 were often associated with mineral-like particles. 
Detailed analysis of a soil core showed that the presence of betaproteobacterial Thiobacilli 
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coincided with the presence of iron sulfide minerals (determined as AVS, Figure 1). Elevated 
iron concentrations, decreasing nitrate concentrations, and increasing sulfate concentrations 
provided evidence for the occurrence of the process of anaerobic iron sulfide mineral 
oxidation in the soil.  
Together these data strongly suggest that betaproteobacterial Thiobacilli are key players in the 
process of nitrate-dependent iron sulfide mineral oxidation in natural freshwater systems such 
as Het Zwart Water. The developed molecular tools will be used in future studies to 
substantiate our findings. 
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ABSTRACT 
 
The potential of iron sulfide minerals to function as electron donors for microbial nitrate 
reduction has important consequences for freshwater wetland ecosystems. Nitrate influxes in 
iron sulfide-rich soils, could ultimately lead to adverse processes, such as internal 
eutrophication or metal toxicity. In the present study, the potential of two iron sulfide 
minerals (pyrite and iron sulfide) to function as electron donors for microbial nitrate reduction 
was investigated in a bioreactor under anoxic, freshwater conditions. Crystalline pyrite did not 
function as an electron donor. In contrast, an active denitrifying microbial community 
developed upon addition of iron sulfide. The dominant process in the iron-sulfide-amended 
bioreactor was identified as the oxidation of sulfide to sulfate, at the expense of nitrate or 
nitrite. A clone library (16S rRNA gene) generated from the reactors biomass contained 
sequences of Thiobacillus-like, Geothrix-like, OP10-like, and Acidovorax-like bacteria; which 
covered 90% of all clones. Together these results suggest that the type of iron sulfide mineral 
is an important determinant for the occurrence of anoxic iron sulfide mineral oxidation, and 
Thiobacillus-species may be key players in nitrate-dependent iron sulfide dissolution in 
freshwater ecosystems. 
 
INTRODUCTION 
 
Microbial iron sulfide mineral oxidation takes place in both marine-, and freshwater 
environments under oxic and anoxic conditions. Over the last six decades, aerobic metal 
sulfide mineral oxidation by microorganisms has been studied to some extent (e.g.: Bosecker 
1997; Cabral & Ignatiadis 2001; McGuire et al. 2001; Okibe et al. 2003; Rohwerder et al. 
2003).  One reason for this attention is the economic importance of microbial leaching in the 
recovery of valuable metals from ores (Agate 1996; Suzuki 2001; Olson et al. 2003).  Another 
aspect is that products of metal sulfide mineral oxidation, such as sulfuric acid and toxic 
metals, pose a serious threat to natural waters (Edwards et al. 2000; Dold & Fontbot 2002; 
Lucassen et al. 2002; Morillo et al. 2002). In marine and brackish systems, microbial metal 
sulfide mineral oxidation, especially of pyrite (FeS2) and iron sulfide (FeS), has also been 
studied because of the central role of iron sulfide minerals in the iron and sulfur cycles of 
these sediments (Schippers & Jørgensen 2001, 2002; Edwards et al. 2003; Simmons et al. 
2004). Research on anoxic iron sulfide mineral oxidation in freshwater systems has mainly 
focused on the environmental effects of the process, but not on the microbial mediators. Iron 
sulfide mineral oxidation at the expense of nitrate has been suggested to occur in freshwater 
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systems (e.g.: Golterman 1991; Postma et al. 1991; Engesgaard & Kipp 1992; Garcia-Gil & 
Golterman 1993; Buss et al. 2005). Understanding this process and its microbial mediators is 
of relevance for preservation of freshwater ecosystem quality. For example, iron sulfide 
minerals function as a sink for, potentially toxic, trace metals (White et al. 1997; Morse & 
Luther 1999; Ledin 2000; Yu et al. 2001). Iron sulfide mineral oxidation, caused by increased 
nitrate availability, could therefore lead to metal-toxicity, as these trace metals are released in 
the course of the process. Furthermore, oxidation will lead to sulfate production. Normally, 
sulfate concentrations in freshwater wetlands are low in comparison to marine systems 
(Kasten & Jørgensen 2000). Sulfate-reducing bacterial activity is therefore limited. When 
additional sulfate becomes available, the sulfate-reducing community will produce sulfide. 
Sulfide is immobilized by binding with ferrous iron or other metal ions (reformation of iron 
sulfide minerals). Once the pool of free metal ions is depleted, sulfide reduces ferric iron from 
iron-phosphate complexes, forming iron sulfides and releasing phosphate. The released 
phosphate leads to (internal) eutrophication (Caraco et al. 1989; Roelofs 1991; Lamers et al. 
2001). Additionally, sulfide has a direct toxic effect on plants and animals (van der Welle et 
al. 2006).  
The microbial processes involved in anoxic iron sulfide mineral oxidation in freshwater 
environments are not yet fully understood. Previous findings (Haaijer et al. 2006) suggested 
that members of the betaproteobacterial genus Thiobacillus may be key players in 
nitrate-dependent iron sulfide mineral oxidation. In the present study, microbial activity on 
iron sulfide minerals is further investigated in a bioreactor amended with nitrate and nitrite 
under freshwater conditions. The potential of pyrite and iron sulfide to function as electron 
donors for microbial nitrate and nitrite reduction is evaluated with activity experiments. The 
dominant process in the iron-sulfide-amended bioreactor, sulfide oxidation at the expense of 
nitrate or nitrite, is identified based on stoichiometric calculations. Furthermore, findings from 
molecular analyses of the reactors microbial community composition supported the 
hypothesis that betaproteobacterial Thiobacilli may be key players in nitrate-dependent iron 
sulfide mineral oxidation in freshwater ecosystems.  
 
MATERIALS AND METHODS 
 
Sample handling 
 
Soil cores, down to 3 m depth, were taken at 4 locations (1 m from the edge of the lake, 
1-10 m removed from each other) around the freshwater lake De Venkoelen situated in the 
nature reserve Het Zwart Water in the south of the Netherlands (51° 24’N; 6° 11E’). In the 
past, problems with acidification and eutrophication have occurred at this site (Lucassen et al. 
2002), making it highly relevant as a sampling site for our studies. The cores were wrapped in 
plastic foil to limit oxygen penetration and transported to the laboratory. A high soil content 
of acid volatile sulfur (AVS) was assumed to reflect a high iron sulfide mineral content. AVS 
content was determined in 20 samples by transferring wet soil (0.2 g) to a glass serum bottle 
(60 ml). After flushing with N2, 1 M H2SO4 (2 ml) was added. After 1 h, sulfide in the 
headspace was determined using a Packard 438A gas chromatograph equipped with a 
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Carbopack B HT100 column (40/60 mesh) (Derikx et al. 1990). This procedure selected for a 
subsample most suitable to start enrichments of iron-sulfide-oxidizing bacteria.  
 
Mineral electron donors 
 
Initially, a highly crystalline pyrite (courtesy of Dr. F.K.W. Heijnen, Radboud University 
Nijmegen) was used as an electron donor. The pyrite was ground into small grains, varying in 
size from 0.5 mm up to 3 mm. Pyrite grains were washed 3 times with 1 M HCl and once with 
acetone followed by rinsing with distilled water in order to remove possible oxidation 
products and free sulfur. The pyrite was dried before addition to the reactor. A suspension of 
iron sulfide was chemically prepared as described by Hanert (1999). The resulting suspension 
was checked for contaminant ions. No sulfate, free sulfide or iron ions were detected in the 
suspension. The suspension was stored in a closed bottle under a nitrogen atmosphere to 
avoid chemical reaction with oxygen. Mineral electron donors were supplied to the reactor 
with gas tight syringes in single or consecutive additions. 
 
Reactor system 
 
The solid nature of the electron donors used in this study called for a special reactor design. 
To avoid clogging of tubes and wash-out of microorganisms possibly attached to the minerals, 
a reactor was designed in which the electron donors were retained. The end-result was a 
conically shaped, 2 l working volume, gas-lift reactor. At the bottom of the reactor an 
Argon/CO2 (95/5) gas flow kept the system anoxic and provided mixing of the reactor 
contents. The conical shape of the reactor in combination with a phase separator at the top of 
the reactor ensured a low turbulence at the top of the reactor and therefore settling of the 
electron donors. Because pyrite and iron sulfide possess different settling properties the gas-
flow was adjusted between experiments with pyrite and iron sulfide. Liquid sampling for 
analysis proceeded through a tube with a diameter of 4 mm. The reactor was kept between 15 
and 17 °C. Both batch and continuous experiments were performed. Calculations on 
consumption and production of sulfate, nitrate and nitrite in continuous experiments were 
performed by comparison of the actual (measured) concentrations with the theoretical values 
(assuming no activity) that result from the following equation: C = C0·(1- e-Dt) + A ·e-Dt , in 
which C0 represents the concentration of the inflowing medium, D the dilution rate, t the time 
and A the initial concentration in the reactor. 
 
Mineral medium  
 
A mineral medium lacking organic substrates was supplied to favor autotrophic nitrate and 
nitrite reduction. The composition of the sterile mineral medium supplied was (g l-1) KHCO3 
1.25, KH2PO4 0.06, CaCl2(H2O)2 0.12, MgCl2(H2O)2 0.08 and 0.5 ml/l of a trace element 
solution (van de Graaf et al. 1996). Nitrate and nitrite were added to the reactor or the mineral 
medium in the required amounts as their sodium salts from sterile stock solutions. 
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Chemical analysis 
 
To assess reactivity, concentrations of sulfate, nitrate, and nitrite were determined in liquid 
samples taken from the reactor, at least once a week. The pH, presence of ammonia and 
presence of free soluble iron were determined twice per experiment. 
Iron determinations were performed according to Stookey et al. (1970) with minor 
modifications. Samples were either; mixed 1:1 with 1M HCl (ferrous iron determination) or 
with a saturated solution of hydroxylammonium-dihydrochloride in 1 M HCl (total iron 
determination) and incubated at room temperature (RT) for 15 min. After this treatment 20 µl 
of sample was mixed with 200 µl ferrozine reagent (0.05 % w/w ferrozine in 50 mM HEPES-
buffer, pH 7) and supplemented with 1 ml of distilled water before measuring the extinction at 
562 nm. Iron determinations were performed within 15 min upon removal of samples from 
the reactor to limit exposure to the air and therefore prevent chemical oxidation of ferrous 
iron. Determination of water-insoluble iron species was performed by direct analysis of 
samples, free soluble iron was determined in supernatants from centrifuged (5 min; 13,000 
rpm) samples. To separate nitrate, nitrite and ammonium ions from free and precipitated iron, 
liquid samples were supplemented with a Na2CO3 solution (Straub et al. 1996), mixed, and 
centrifuged for 5 min at 13,000 rpm. The resulting supernatant was used for nitrate, nitrite and 
ammonia determinations. Nitrate, nitrite and sulfate analyses were performed as described 
previously (Haaijer et al. 2006). Ammonium concentrations were determined with the use of 
ortho-phtaldialdehyde (OPA) reagent (Roth 1971; Taylor et al. 1974). A volume of 40 µl of 
sample was mixed with 760 µl OPA reagent, incubated (20 min, RT), and the extinctions 
measured (420 nm). The OPA reagent consisted of 0.54 g of ortho-phtaldialdehyde dissolved 
in 10 ml of absolute ethanol and filled to 100 ml with potassium phosphate buffer (0.15 M pH 
7.3). Extinction measurements were performed with a LKB 4053 Kinetics spectrophotometer 
(LKB Biochrom Ltd., Cambridge, England). 
 
16S rRNA gene analysis 
 
High molecular weight DNA was extracted using standard procedures. Hot-start PCR 
reactions performed in a Tgradient PCR apparatus (Whatman Biometra, Göttingen, Germany) 
with the universal bacterial primers 616F and 630R (see Haaijer et al. 2006). Three separate 
PCR reactions, differing in the annealing temperature (50°C, 54°C or 60 °C), were performed 
for each sample. The resulting bacterial 16S rRNA gene PCR products, of approximately 
1500 bp, obtained with the different annealing temperatures were pooled for each sample 
prior to the cloning procedure. Cloning was performed for each pooled sample separately with 
the TOPO-TA Cloning Kit with the pCR2.1-TOPO vector and TOP10F competent cells 
(Invitrogen Life Technologies) according to the instructions supplied by the manufacturer. 
Plasmid DNA isolation was performed with the FlexiPrepTM Kit of Amersham Pharmacia 
Biotech according to the instructions supplied with the kit. Partial sequencing of clones was 
performed with primer M13R. Almost full-length 16S rRNA gene sequences were obtained 
with the universal bacterial sequencing primers, targeting conserved sites of the bacterial 16S 
rRNA gene, specified in Table 1 and primer M13F.  
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TABLE 1. Sequencing primer specifications   
Primer 
 
Sequence (5’-3’)  
 
Position* 
 
References  
27F 
 
AGA GTT TGA TCM TGG CTC AG 
 
8-27 
 
Lane 1991  
1522R 
 
AAG GAG GTG ATC CAG CCG CA 
 
1522-1541 
 
Weisburg et al. 1991  
357F 
 
CCT ACG GGA GGC AGC AG 
 
341-357 
 
Muyzer et al. 1993  
526F 
 
ACT CCG TGC CAG CAG CC 
 
510-526 
 
Schwieger & Tebbe 1998#  
1072F 
 
GCA TGG CTG TCG TCA GCT CG 
 
1053-1072 
 
Ferris et al. 1996#  
517R 
 
ACC GCG GCT GCT GGC 
 
517-531 
 
Takai & Horikoshi 2000#  
1177R 
 
TGA CGT CAT CCC CAC CTT CC 
 
1177-1196 
 
Greisen et al. 1994#  
1392R 
 
ACG GGC GGT GTG TAC 
 
1392-1406 
 
Lane 1991 
 
* E. coli numbering 16S rRNA gene 
# primer used in this reference is alike to the primer used in this study 
 
The ContigXpress program of the Vector NTITM Suite 7.0 software package (InforMax) was 
used to assemble whole 16S rRNA gene sequences. Cloned 16S rRNA gene sequences were 
compared with their closest relatives in the GenBank database by BLASTN searches 
(http://www.ncbi.nih.nlm.edu/BLAST). The RDP classifier tool (Cole et al. 2005), was used 
to assign clones (http://rdp.cme.msu.edu/classifier/) to the taxonomical hierarchy proposed in 
Bergey's Manual of Systematic Bacteriology, release 6.0 (http://bergeysoutline.com). The 
clone library was organized in groups based upon these classification results. Further 
phylogenetic and molecular evolutionary analyses were performed with the MEGA 3.1 
program (Kumar et al. 2004).  
 
Accession numbers 
 
Accession numbers of 16S rRNA gene sequences from this study, submitted to GenBank, are 
DQ975214-DQ975219. 
 
Fluorescence in situ hybridization (FISH) 
 
FISH analyses and microcopic inspections were performed as described before (Haaijer et al. 
2006). Vectashield (Vector Laboratories, inc., Burlingame, CA) mounting medium with 
DAPI (4,6-diamidino-2-phenylindole) was used to enhance the fluorescent signal and stain all 
DNA. A bacterial probemix of Cy-5-labeled probes EUB338, EUB338 II and EUB338 III 
was used to hybridize all Bacteria and probe Betthio 1001 (Haaijer et al. 2006) was used to 
hybridize betaproteobacterial Thiobacilli. To exclude an effect of the choice of labeling on the 
hybridization outcome, the betaproteobacterial Thiobacilli-specific probe (Betthio1001, 
Haaijer et al. 2006) was used with a Cy-3 label as well as a FLUOS label. Total numbers of 
microorganisms (DAPI), Bacteria (bacterial probemix) and betaproteobacterial Thiobacilli 
(probe Betio1001) were determined through analysis of 14 images (50-200 bacteria per 
image) for each sample.  
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RESULTS AND DISCUSSION 
 
The potential of iron sulfide minerals to function as electron donors for microbial nitrate 
reduction has important consequences for freshwater wetland ecosystems. Therefore, the 
potential of crystalline pyrite and a chemically prepared iron sulfide solution to function as 
electron donors for microbial nitrate reduction was investigated in a bioreactor under anoxic, 
freshwater conditions. Microbial nitrate- and nitrite-reducing activity with iron sulfide as the 
electron acceptor was evaluated with continuous and batch experiments. Furthermore, FISH 
and 16S rRNA gene analyses were performed to assess the microbial community composition 
of the bioreactor. 
 
Potential of pyrite as an electron donor for nitrate reduction 
 
The AVS analyses identified a soil sample from a depth of 1.5 m, containing 60 nmoles·g-1 
AVS, as the most suitable inoculum for the experiments. The reactor system was inoculated 
with 8 g of this sample and supplied with 8 g of crystalline pyrite. Thereafter, a continuous 
flow of medium (D = 0.005 h-1, 5 mM nitrate) was started and maintained for a period of 3.5 
months to assess the suitability of pyrite as an electron donor for nitrate reduction. 
Throughout this period, concentrations of nitrate, nitrite and sulfate in the reactor remained 
the same as that of the medium-feed, indicating that no pyrite oxidation occurred. 
 
Potential of iron sulfide as an electron donor for nitrate reduction 
 
After the FeS2 experiment, the same reactor set-up was used to assess activity on FeS and 
nitrate. The pyrite was not removed from the reactor. At the start of the experiment an 
additional inoculum of 6 grams of the selected soil was supplied, the gas-flow adjusted, to 
allow settling of the finer grained iron sulfide, and 5 ml of iron sulfide suspension added. 
Very quickly after the iron sulfide addition; the nitrate concentration decreased (from 4.7 to 
2 mM) and the sulfate and nitrite concentrations increased (from 0 to 1.1 mM and 0 to 0.05 
mM respectively) during a period of 1 week. After this, 4 more portions of FeS were added 
over a period of 20 days. The production rates of sulfate and nitrite, and the consumption rate 
of nitrate increased in the course of the experiment. The respective rates of sulfate production 
and nitrate consumption after the first and the fifth addition of iron sulfide (A and B in 
Figure 1) indicate a 2-fold increase in these rates.  
 
Activity on iron sulfide and nitrite in batch culture 
 
The reactor system was switched to batch operation to assess nitrite-driven iron sulfide 
oxidation. The reactor was first flushed with 6 l mineral medium without nitrate or nitrite to 
remove any residual nitrate, nitrite and sulfate ions from previous experiments. Subsequently, 
the medium flow was stopped and a single addition of iron sulfide suspension (5 ml) was 
performed on day 0. Nitrite was added on day 0 (0.84 mmoles), day 15 (1.7 mmoles) and day 
23 (1.4 mmoles). Figure 2 clearly shows simultaneous nitrite consumption and sulfate 
production indicative for iron sulfide oxidation at the expense of nitrite.  
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FIG. 1. Production and consumption rates on 
FeS and NO3-. Continuous medium 
feed (D = 0.005 h-1) containing 5 mM 
nitrate. A, rate after first addition iron 
sulfide; B, rate after fifth addition iron 
sulfide. , sulfate production; , nitrite 
production; , nitrate consumption 
FIG. 2. Activity on FeS and NO2-. Batch 
culture. , nitrite; ▲, sulfate. The 
arrows indicate nitrite additions. 
 
 
 
Activity on iron sulfide, nitrate and nitrite: sequential iron sulfide additions 
 
The effects of sequential iron sulfide additions were tested after switching back to continuous 
operation. First, the reactor was flushed as described above and then a continuous flow of 
medium containing 0.5 mM nitrite and nitrate was supplied to the reactor. Iron sulfide 
suspension (5 ml aliquots) was added on days 0, 22, 49, 72 and 84. This repetitive feeding 
with iron sulfide resulted in the reactor activity shown in Figure 3. Upon each addition of iron 
sulfide, nitrate concentration decreased and sulfate concentration increased. Because the 
nitrite concentration is a resultant from both the medium inflow and the nitrate reduction 
(nitrite as an intermediate), nitrite concentrations occasionally did not decrease but sometimes 
even increased (e.g. Figure 3: day 49-56) upon addition of iron sulfide. Depletion of iron 
sulfide could be monitored as a returning of the nitrate and sulfate concentrations towards the 
concentrations of the inflowing medium (e.g. Figure 3: day 16-22). Supplementing the reactor 
with additional iron sulfide restored activity. The nitrate consumption and sulfate production 
rates increased during the course of the experiment which is visible in Figure 3 as increasing 
steepness of the slopes of the sulfate-increase and the nitrate-decrease. 
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FIG. 3. Activity on FeS, NO3- and NO2-. The 
effects of repetitive FeS additions. 
Continuous medium feed (D = 0.005 h-1) 
containing 0.5 mM nitrate and 0.5 mM 
nitrite. The arrows indicate iron sulfide 
additions. 
                   
               FIG. 4. Activity on FeS and NO3- 
                            Continuous medium feed  
                           (D = 0.005 h-1) containing  
                            1 mM nitrate. □, nitrite;  
                           ▲, sulfate; ●, nitrate 
 
 
Improved autotrophic performance on iron sulfide and nitrate 
 
In the first experiments, heterotrophic denitrification on traces of organics from the soil could 
have contributed to nitrate and/or nitrite consumption. The intention was to favor autotrophic 
nitrate and nitrite reduction. A final experiment with iron sulfide, nitrate, and a continuous 
medium flow, was performed to evaluate whether the performance of the reactor had 
improved in this respect in the course of the iron-sulfide-amended experiments.  
The nitrate concentration in the reactor was first adjusted to 1 mM by a single addition of 
nitrate and then a continuous flow of medium containing 1 mM of nitrate was supplied. At the 
start of the experiment, 5 ml of iron sulfide suspension was added and a residual 
concentration of 0.5 mM nitrite was present. The results of this experiment are shown in 
Figure 4. The highest rates of sulfate production and nitrate consumption were recorded in the 
first 4 days of operation. Between days 5-14 these rates are lower and remain relatively stable. 
After day 15, the sulfate production rate and nitrate reduction start to decrease, indicating iron 
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sulfide depletion. The experiment was stopped when nitrate consumption and sulfate 
production halted. Although pyrite was still available in the reactor, residual nitrate 
consumption, nitrite consumption or sulfate production was not observed after the depletion 
of iron sulfide. 
 
During the iron sulfide experiments, green and orange precipitates accumulated on the walls 
of the reactor. These precipitates were most likely the result of iron precipitation (ferric and 
ferrous iron-phosphates, -oxides, -hydroxides, and -carbonates). The walls were not cleaned 
as association of microorganisms with these precipitates was possible. Neither ammonia, nor 
free water-soluble iron, was detected at any time. The pH remained stable (7 ± 0.2). After 18 
months of operation, the reactors content was divided into a precipitate fraction (pfp) and a 
liquid fraction (vf), to enable detailed molecular analysis of the bacterial population. The vf 
fraction consisted of 5/6 of the total reactor volume. The remaining volume was used to 
suspend the precipitates to generate the pfp fraction. High concentrations of, water-insoluble, 
iron species were detected in the pfp fraction (7 mM ferric iron, 0.2 mM ferrous iron). The vf 
fraction was concentrated 6x, the precipitate fraction 30x by centrifugation for 30 min at 
4,000 rpm. Volumes of concentrated samples were used for extraction of high molecular 
weight DNA and fixed for FISH analysis. 
 
16S rRNA gene sequencing and FISH  
High molecular weight DNA extraction followed by PCR and cloning was performed 
separately on the two fractions obtained. Partial sequencing of 16S rRNA genes to enable a 
preliminary screening was performed on 45 clones, 29 originating from the precipitate 
fraction and 16 from the liquid fraction. Partial sequence lengths varied between 200-990 
nucleotides. The results from the organization of the clone library data are presented in 
Table 2. Detailed examination of the sequence data did not identify significant differences 
between the phylogenetic distribution of clone sequences from the precipitate fraction and the 
liquid fraction. Figure 5 shows the phylogenetic positions of 5 fully sequenced clones (pfp1, 
pfp37, vf5, vf 23 and vf28) and 1 partial clone (pfp8). In addition, the number of partial 
sequences with a sequence identity higher than 97% is shown for each clone sequence. Clone 
pfp8 was included in Figure 5 upon consideration of the abundance of similar clones in the 
library (Table 2). Overall, the clone library data was dominated by Betaproteobacteria (71% 
of total clones) and contained Thiobacillus-like (62% of total clones), Geothrix-like (13%), 
OP10-like sequences (9%), and Acidovorax-like (4%) sequences (Table 2). Members of  the 
beta- proteobacterial genus Thiobacillus were especially abundant; 20% of total clones could 
be assigned directly to this genus (Table 2), 30% of all clones exhibited sequence identities 
≥ 97% to the full-length clones pfp1 and/or pfp37 (Figure 5). The second most abundant 
group, 18% of all clones (Table 2), consisted of sequences affiliated with ‘Thiobacillus 
plumbophilus’. The remaining 10% of the clone sequences in the library, consisted of 
sequences that could not be classified to a genus level and did not have any strong 
resemblance (<97% sequence identity) to near full-length clone sequences obtained in this 
study (Figure 5). FISH analysis of the fixed samples from the pfp and vf reactor fraction 
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showed that in both cases, a major portion of the bacterial community (53% and 44% 
respectively) hybridized with the betaproteobacterial Thiobacilli-specific probe Betthio1001 
(Haaijer et al. 2006). Comparison of the betaproteobacterial Thiobacilli numbers obtained 
with the FLUOS-labeled probe and Cy3-labeled probe showed no significant differences (data 
not shown). The counts for the bacterial probemix and DAPI signal were identical in all 
images analyzed, which indicates the microbial community of the reactor was highly active 
and dominated by Bacteria. The bacterial concentration of the precipitates fraction 
(1.2 ± 0.6 ·107 ml-1) was 17 times higher than in the liquid fraction (6.8 ± 2.3 ·105 ml-1). The 
volumetric contribution of the pfp fraction to the reactor content was 5 times lower than that 
of the vf fraction. The total contribution of the pfp fraction to the total number of bacteria 
present in the reactor was therefore 3.4 times higher than the contribution of the vf fraction. 
Most bacteria in the reactor (77%) were situated in the pfp fraction, indicating the reactor 
retained biomass in addition to the mineral electron donors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG.5. Phylogenetic tree showing the positions of the fully sequenced 16S rRNA clones. 
Neighbour joining bootstrap consensus tree generated with the MEGA program 
(Kumar et al. 2004) and the distance method of Jukes & Cantor (1969). Bootstrap 
values (1000 replicates) higher than 50% are shown. The sequence of clone pfp8 
(524 bp) was added manually to the tree after alignment of the full-length 
sequences (1,385 bp). Aquifex pyrophilus (M83548) was used as an outgroup 
reference (arrow). The scale bar indicates substitutions/site. The number of 
partial sequences strongly affiliated (>97% sequence identity) with the clone 
sequences are indicated between brackets. With the exception of the OP10 group, 
only reference sequences from cultured species were used. * to be reclassified, 
see GenBank. 
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Performance on iron sulfide: sulfide oxidation 
 
The continuous experiment with pyrite and nitrate showed that crystalline pyrite did not 
function as an electron donor for microbial nitrate reduction. In the iron sulfide experiments 
(pyrite was not removed from the system), again, no indications for pyrite oxidation were 
observed: sulfate production, nitrite consumption or production, and nitrate consumption 
completely stopped when iron sulfide was depleted (Figure 3, Figure 4). Iron sulfide, on the 
other hand, provided an accessible electron donor for microbial nitrate and nitrite reduction. 
In reaction to iron sulfide addition, sulfate production, nitrate consumption, nitrite 
accumulation and nitrite consumption were observed (Figure 1-4). Repeated additions of iron 
sulfide (Figure 3) resulted in simultaneously increasing rates of sulfate production and nitrate 
consumption, indicating increasing iron-sulfide-oxidizing, nitrate-reducing activity. The 
absence of ammonia throughout the experiments suggested that dissimilatory nitrate reduction 
to ammonia, as described for several bacteria (Eisenmann et al. 1995; Moura et al. 1997), was 
not an important process in the reactor. The performance of the reactor on iron sulfide was 
evaluated by comparison of expected and observed stoichiometries. Expected ratios of nitrate 
consumption to sulfate production (nitrate/sulfate ratio) were calculated for nitrate-amended 
experiments based on the assumption that nitrate was reduced to a mixture of nitrite and 
dinitrogen gas, and sulfide was oxidized to sulfate. The measured nitrate consumption and 
nitrite production were used to calculate the expected sulfate production using equations 1 
and 2 respectively (see below). The expected nitrate/sulfate ratio is then the nitrate 
consumption divided by the expected sulfate production.   
 
3H+ + 5HS- + 8NO3- Æ 5SO42- + 4N2 + 4H2O   (eq.1)  
4NO3- + HS- Æ SO42- + 4NO2-  + H+    (eq. 2) 
 
The observed nitrate/sulfate ratio is the measured nitrate consumption divided by the 
measured sulfate production. In the first experiment with iron sulfide and nitrate the observed 
stoichiometries for situations A and B (2.7 and 3.5, Figure 1) deviate considerably from the 
expected values (1.6 for A, 1.7 for B). This deviation can be explained by activity of 
denitrifying heterotrophs that oxidize residual organic carbon at the expense of nitrate. 
In the last experiment with iron sulfide and nitrate (Figure 4), however, the expected and 
observed stoichiometries are very close to each other. In total; 3.6 mmoles of nitrate were 
consumed, 0.27 mmoles of nitrite produced and 2.0 mmoles of sulfate produced, resulting in 
an observed nitrate/sulfate ratio of 1.8, while the expected ratio is 1.7. The initial fast nitrate 
consumption followed by a period with a reduced rate and the differences in the nitrate/sulfate 
ratios in these two periods (2.7 from day 0-4 and 1.3 from day 3.5-17.5, Figure 4) can be 
explained by transient accumulation of denitrification intermediates. The close approximation 
of the observed nitrate/sulfate ratio to the expected value indicates that, in contrast to the first 
experiment, heterotrophic denitrification became negligible. Therefore, the autotrophic 
performance of the reactor on iron sulfide and nitrate is considered to have improved in the 
course of the iron-sulfide-amended experiments.   
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Nitrite also served as an electron acceptor for microbial sulfide oxidation. In the nitrite-
amended iron sulfide experiment (Figure 2) a total of 3.8 mmoles of nitrite were consumed 
and 1.4 mmoles of sulfate produced. The observed ratio of nitrite consumed to sulfate 
produced (2.7) is identical to the expected ratio, derived from equation 3, for oxidation of 
sulfide to sulfate coupled to reduction of nitrite to dinitrogen gas. 
 
8NO2- + 3HS- + 5H+ Æ 3SO42- + 4H2O + N2   (eq. 3) 
 
The stoichiometry of this experiment and the last nitrate-amended experiment, identifies 
sulfide oxidation at the expense of nitrate and nitrite as the dominant process in the bioreactor.  
 
Performance on iron sulfide: the fate of iron 
 
The exact fate of the ferrous iron portion of iron sulfide was not apparent from the results 
obtained in this study. The precipitates formed on the reactor wall, contained mainly ferric 
iron, suggesting predominant ferrous iron oxidation. Abiotic ferrous iron oxidation with 
nitrite has been reported previously (Hansen et al. 1994; Straub et al. 1996) with nitrous oxide 
proposed as resultant from nitrite reduction (Moraghan & Buresh 1977; Sørensen & Thorling 
1991). If this process would have contributed to a large extent to nitrite reduction in the batch 
experiment on iron sulfide and nitrite, the nitrite/sulfate ratio would have been higher than the 
one now observed, indicating that, at least in this experiment, abiotic ferrous iron oxidation by 
nitrite is negligible. 
Oxidation of ferrous iron by microorganisms can proceed through anoxic oxidation with 
nitrate and nitrite as the electron acceptor (Straub et al. 1996; Straub & Buchholz-Cleven 
1998; Kumaraswamy et al. 2006) or with oxygen as the electron acceptor (Hanert 1999; 
Emerson & Weiss 2004) at low oxygen conditions. Although the major part of nitrate 
reduction was shown to result from sulfide oxidation, simultaneous microbial iron oxidation 
at the expense of nitrate would exert only little influence on the observed nitrate/sulfate ratio. 
For example: in the continuous experiment with 1 mM nitrate and iron sulfide, in total 2 
mmoles of sulfate were released, implying 2 mmoles of ferrous iron were available from the 
introduced FeS. Oxidation of these 2 mmoles at the expense of nitrate according to equation 4 
would result in consumption of 0.4 mmoles nitrate.  
 
10 FeCO3 + 2 NO3− + 24 H2O Æ 10 Fe(OH)3 + N2 + 10 HCO3− + 8H+   (eq. 4) 
 
This would result in an overall observed nitrate/sulfate ratio of 2, which is still close to the 
expected ratio of 1.7 for the situation only accounting for sulfide oxidation. The clone library 
data did not indicate the presence of any previously described distinct ferrous iron-oxidizing 
bacteria. T. denitrificans has been reported, however, to possess iron-oxidizing, nitrate-
reducing capacity (Straub et al. 1996), which leaves the possibility open that the 
betaproteobacterial Thiobacillus members found in the reactor mediate both nitrate-dependent 
ferrous iron oxidation and sulfide oxidation.  
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Microbial community 
 
The clone library data showed the most dominant population in the reactor consisted of 
bacteria belonging to the betaproteobacterial genus Thiobacillus. This genus encompasses 
chemolithoautotrophic sulfur-oxidizing bacteria possessing (Thiobacillus denitrificans, Kelly 
& Wood 2000) and lacking (Thiobacillus thioparus, Stubner et al. 1998; Sattley & Madigan 
2006) nitrate-reducing capacity. The nearly full-length 16S rRNA sequences of clones pfp1 
(1491 bp), and pfp37 (1531 bp) could both be assigned to this genus and shared 96% 
sequence identity. Sequence identities of clone pfp1 to the T. thioparus and T. denitrificans 
16S rRNA gene sequences shown in Figure 5, were both 95%. The sequence identity of clone 
pfp37 was 99% with the 16S rRNA gene sequence of the T. thioparus strains, and 98% with 
T. denitrificans. Overall; all clone sequences belonging to the genus Thiobacillus were only 
slightly stronger affiliated (1%) with T. thioparus than with T.denitrificans.  
The physiology of the cultured relatives of the clone sequences which could be assigned to 
the genus Thiobacillus, and the dominance of these clone sequences in the library suggest 
these sequences represent a dominant physiological group in the reactor, most likely involved 
in sulfide oxidation. The second most abundant group in the clone library consisted of 
‘Thiobacillus plumbophilus’-like sequences. ‘Thiobacillus plumbophilus’, was first described 
based on physiology and DNA-DNA hybridization as a new, aerobic, galena-, sulfide- and 
hydrogen-oxidizing Thiobacillus species (Drobner et al. 1992). The 16S rRNA gene sequence 
(accession number AJ316618) was determined in view of reclassification, and shows (Figure 
5) that this bacterium apparently does not belong to the genus Thiobacillus. The 16S rRNA 
gene sequence of clone vf28 (1535 bp) had a sequence identity of only 94% to the 16S rRNA 
gene sequence of ‘Thiobacillus plumbophilus’. This value was regarded too low to make any 
informed assumptions on the physiology of the ‘Thiobacillus plumbophilus’-like bacteria 
detected in the reactor. The partial 16S rRNA gene sequence of clone pfp 8 (524 bp) 
functioned as a representative for the Geothrix-like sequences in the clone library. Its 
sequence identity to the 16S rRNA gene sequence of the cultured, iron-reducing, 
representative of the genus Geothrix fermentans (Lonergan et al. 1996; Coates et al. 1999) 
was only 95%, and therefore regarded as insufficient to allow assumptions on the physiology 
of the Geothrix-like bacteria detected in the reactor. Clone vf 23 was considered 
representative for the OP10-like clone sequences in the clone library. The 16S rRNA gene 
sequence (1505 bp) had 95% sequence identity to the previously published 16S rRNA gene 
sequence of the uncultured, OP10-like, activated sludge clone GC55 (Dalevi et al. 2001). 
There are no pure cultures available for the OP10 candidate phylum and the physiology is 
unknown, although metal-cycling has been suggested previously (Stein et al. 2002) as a 
reasonable physiological role for members of this phylum. Clone vf5’s 16S rRNA gene 
sequence (1515 bp) was assigned to the genus Acidovorax and exhibited 95% sequence to the 
cultured representative of the genus; Acidovorax defluvii (Schulze et al. 1999). Members of 
the genus Acidovorax have been reported previously as major constituents of denitrifying 
bioreactors (Gentile et al. 2006). The presence of these bacteria in our reactor system 
designed to favor chemolithoautotrophic growth can be explained if trace amounts of organic 
compounds are present in the reactor, e.g. resultant from decaying biomass in the reactor. 
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Implications 
 
Considering the dominance of the process of sulfide oxidation at the expense of nitrate 
suggested by the physiological data, the dominance of Thiobacillus sequences in the clone 
library, and the large contribution of betaproteobacterial Thiobacilli to the total bacterial 
community demonstrated in the FISH analysis, it is probable that the members of the genus 
Thiobacilus are the functional group performing nitrate-driven sulfide oxidation in the reactor. 
The functionality of the other phylogenetic groups (‘Thiobacillus plumbophilus’-like, 
Geothrix-like, Acidovorax-like and OP10-like bacteria) detected remains to be resolved.   
In natural, iron-sulfid- rich, freshwater systems, such as Het Zwart Water, influxes of nitrate, 
e.g. run-off from agricultural land and infiltration of nitrogen-rich deposition, are expected to 
stimulate anoxic iron sulfide oxidation. This stimulation is expected to have adverse effects 
on freshwater ecosystem quality (internal eutrophication, release of toxic metals) and is 
therefore regarded as an ecological relevant process. The present bioreactor study supports the 
hypothesis that members of the betaproteobacterial genus Thiobacilli are key players in 
anoxic iron sulfide mineral oxidation under freshwater conditions. Furthermore, the results 
from this study suggest that the type of iron sulfide mineral available is an important 
determinant for the occurence of anoxic microbial iron sulfide mineral oxidation. 
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ABSTRACT 
 
The freshwater nature reserve De Bruuk is an iron- and sulfur-rich minerotrophic peatland 
containing many iron seeps. Analysis of 16S rRNA gene-based clone libraries showed a 
striking correlation of the bacterial population with the processes of iron reduction (genus 
Geobacter), iron oxidation (genera Leptothrix and Gallionella) and sulfur oxidation (genus 
Sulfuricurvum). Results from fluorescence in situ hybridization analyses with a probe specific 
for the beta-1 subgroup of the Proteobacteria, to which the genera Leptothrix and Gallionella 
belong, and newly developed probes specific for the genera Geobacter and Sulfuricurvum, 
supported the clone library data. Molecular data suggested members of the 
epsilonproteobacterial genus Sulfuricurvum as contributors to the oxidation of reduced sulfur 
compounds in the iron seeps of De Bruuk. An isolate obtained from nitrate- and thiosulfate-
amended enrichment of iron seep material was identified as a member of the 
betaproteobacterial genus Leptothrix. In an evaluation of anaerobic dimethyl sulfide (DMS)-
degrading activity of sediment, incubations with the electron acceptors sulfate, ferric iron and 
nitrate were performed. The fastest conversion of DMS was observed with nitrate. Further, a 
DMS-oxidizing, nitrate-reducing enrichment culture was established with sediment material 
from De Bruuk. This culture was dominated by dimorphic, prosthecate bacteria, and the 
16S rRNA gene sequence obtained from this enrichment was closely affiliated with 
Hyphomicrobium facile, which indicates that Hyphomicrobium species are capable of both 
aerobic and nitrate-driven DMS degradation.  
 
INTRODUCTION 
 
De Bruuk (5° 45’N; 5° 58’E) is a small freshwater nature reserve comprised of swamp and 
wet grass lands with silt/loamy sediment near the village of Groesbeek in the eastern part of 
the Netherlands. Due to its unique hydrochemistry it harbors a vast variety of protected flora 
and fauna, hence the status of nature reserve. Situated lower than the surrounding areas, De 
Bruuk is a minerotrophic peatland receiving the major input of minerals from seepage and 
groundwater rather than from deposition of rainwater.  
In addition to the variation in landscape, vegetation and flora, one of the striking features of 
this wetland is the presence of many, ferrous iron-rich and sulfate-rich, neutrophilic ditches 
and puddles. These ditches and puddles have a blackish to grey sediment covered with large 
masses of ochre-colored flocculent material overlain by a layer of clear water with an 
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iridescent film at the water surface. This phenomenon has been described in other freshwater 
wetlands and bogs (Emerson & Revsbech 1994; Emerson & Weiss 2004). The ochre-colored 
masses indicate the presence of natural iron seeps and result from precipitation of large 
quantities of iron hydroxide by ‘iron bacteria’ in places where ferrous iron-rich anoxic water 
reaches oxygenated zones (Emerson & Revsbech 1994).  
Microorganisms most commonly associated with these specific neutrophilic, iron-rich habitats 
are Gallionella ferruginae and Leptothrix species (Emerson & Revsbech 1994; Emerson & 
Weiss 2004; Carlile & Dudeney 2000). The presence of these two types of organisms in 
natural environments is often only based on observation of their typical morphological 
features. Leptothrix species are chemoorganotrophic, aerobic, sheath-forming filamentous 
organisms which deposit iron or ferromanganese oxides on their sheaths. The organisms 
benefit from the encrustation which forms a barrier between the cells and the environment 
(that often contains high amounts of soluble iron). The use of ferrous iron as an electron 
donor in lithoautotrophic metabolism has not been shown for pure cultures of Leptothrix 
species. Most Leptothrix species are restricted to natural unpolluted environments with low 
concentrations of easily degradable material (Mulder 1989; Spring 2002). Leptothrix 
ochraceae is the type species of the genus; however there is no pure culture and no 16S rRNA 
gene sequence available for this species. Gallionella ferruginae is an iron-oxidizing, aerobic 
microorganism which can be easily distinguished in natural systems because it secretes 
colloidal ferric hydroxide forming a characteristic stalk (Hanert 1999). However, the stalk is 
not present under all conditions (Hallbeck et al. 1993). This microorganism has the ability to 
obtain carbon from both organic compounds and through CO2 fixation (Hallbeck & Pedersen 
1991).  
Less morphologically distinct bacteria expected to play a major role in these ditches and 
puddles are various iron-oxidizing and -reducing bacteria. With regard to iron oxidation: next 
to microaerobic iron oxidation, bacteria have been found to perform anoxygenic 
photosynthesis with ferrous iron as electron donor (Ehrenreich & Widdel 1994), to use nitrate 
as electron acceptor for ferrous iron oxidation under anaerobic conditions (Straub et al. 2004) 
and even, in a form of stationary phase metabolism, couple perchlorate reduction to ferrous 
iron oxidation (Chaudhuri et al. 2001). Dissimilatory iron reduction is widespread among 
microorganisms (Nealson & Saffarini 1994) including species like Geobacter species, 
Desulfovibrio species and Shewanella putrefaciens. These organisms couple the oxidation of 
organic compounds to the reduction of ferric iron.  
In addition to iron, pore water from De Bruuk sediments contains high amounts of sulfate and 
nitrate (about 0.7 mM sulfate, up to 1 mM nitrate; Smolders et al. 1995; Lomans et al. 1999b). 
This indicates that, together with iron cycle bacteria, sulfur cycle bacteria could find a suitable 
niche in De Bruuk. Previous research (Lomans et al. 1999a) already showed that sediment 
slurries from De Bruuk incubated under aerobic and anaerobic conditions degraded dimethyl 
sulfide (DMS). DMS is an important volatile organic sulfur compound (VOSC) produced by 
algae, animals, microorganisms and plants by various mechanisms (Bentley & Chasteen 
2004). VOSCs, such as DMS, play an important role in the global sulfur cycle, global 
warming and acid precipitation (Lomans et al. 2002).  
Chapter 4 Iron-seep associated bacteria 
 
 - 72 -
This study describes the bacterial population of iron seep areas of De Bruuk, analyzed with 
molecular tools (fluorescence in situ hybridization (FISH), and 16S rRNA gene analysis).  
Furthermore, a thiosulfate- and nitrate-amended enrichment culture derived from iron seep 
material is described and results from this enrichment discussed in relation to the molecular 
data on the iron seep area material. Finally, a nitrate-reducing, DMS-degrading 
Hyphomicrobium enrichment culture is described.  
 
MATERIAL AND METHODS 
 
Collection of samples 
 
In September 2002, two samples were collected at an iron seep area in De Bruuk. The first 
sample (BW) was taken from a ditch and consisted of ochre-colored flocculent material. As a 
reference, a sample of blackish-grey sediment (BS) was collected from the same ditch. 
Reduced conditions are expected to prevail in the sediment. The ochre-colored material is 
more exposed to the air and therefore expected to receive a larger oxygen input. For an initial 
screening of the bacterial community composition, clone libraries (16S rRNA gene based, see 
below) of these samples were constructed. In March 2006 three different iron seep samples 
were collected from De Bruuk. A sample of the top watercolumn (top 10 cm) was taken from 
a ditch (depth: 50 cm) which did not contain any apparent ochre-colored flocculent material 
but did have an iridescent film on top of the water surface indicative of the presence of iron 
(DI). From a similar ditch (also 50 cm deep) a mixed sample of the waterphase above the 
sediment was taken, however, this ditch contained visible amounts of ochre-colored 
flocculent material (DO). Another mixed sample containing ochre-colored flocculent material 
was taken from a puddle that was 10 cm deep (PO). The pH and concentrations of sulfate and 
total iron of these samples were determined (Table 1). Nitrate concentrations in groundwater 
samples varied between 0-1 mM. Portions of the samples were paraformaldehyde fixed for 
fluorescence in situ hybridization (FISH) analysis (as described below) to compare their 
microbial community compositions. Furthermore, samples of sediment were collected from 
ditches in De Bruuk, and portions of the sediment (25 ml each) transferred to 60 ml serum 
bottles immediately upon arrival at the lab, closed with butyl rubber stoppers and aluminium 
crimp seals and incubated with DMS and different electron acceptors (see below) under a gas 
atmosphere of N2/CO2 (80%/20%). 
 
 
TABLE 1. Samples 2006  
Sample pH Sulfate (mM) Ferric iron (mM) Ferrous iron (mM) 
DI 7.1 0.04 0.1 0.03 
DO 6.9 0.02 1.5 0.06 
PO 6.9 0.01 11 0.3 
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Chemical analysis 
 
All samples were centrifuged for 5 min at 13,000 rpm and the resulting supernatant was used 
for analysis unless specified otherwise. For determination of thiosulfate, a cyanolysis-based 
protocol (Kelly et al. 1969) was used. In brief: a mixture of 690 µl sample, 240 µl of a 0.2 M 
NaH2PO4·NaOH buffer (pH 7.4) and 300 µl of a 0.1 M KCN solution was incubated for 20-30 
min at 4°C. After this, 90 µl of an 0.1 M CuSO4 and 180 µl of an 1.5 M Fe(NO3)3 in 4 M 
HClO4 solution were added and the resulting solution measured at 460 nm. Nitrate, nitrite and 
sulfate analyses were performed as described previously (Haaijer et al. 2006). The ferrous 
iron contents of the samples taken from De Bruuk in 2006, were determined through an 
adapted ferrozine assay (Stookey et al. 1970): a mix of 50 µl of sample (not centrifuged) and 
150 µl of 1M HCl, was incubated for 1 h at room temperature. After this, 20 µl of this mix 
was added to 200 µl of ferrozine, vortexed, 1 ml of demi water added and measured at 562 
nm. For determination of total iron the 1M HCl was replaced with a saturated hydroxylamine 
solution in 1M HCl. For the activity- and growth experiments with isolate K5A3 (see below), 
high performance liquid chromatography (HPLC) was used for measurement of nitrate, 
nitrite, thiosulfate and sulfate. Injection of 10 µl of sample was performed with a Packard 
1050 series autosampler. A sodium hydroxide solution was used as the liquid phase at a flow 
rate of 1.5 ml·min-1. The anions were separated using a sodium hydroxide gradient elution 
from 1 mM to 50 mM in 15 min. Separations were performed on a 4x250mm Ionpac AS11-
HC (Dionex, UK) column at 30°C. Anions were detected using a CD25 conductivity detector 
(Dionex UK). DMS concentrations in the headspace of DMS-fed incubations were 
determined using a Packard 438A gas chromatograph equipped with a Carbopack B HT100 
column (40/60 mesh) (Derikx et al. 1990). 
 
Paraformaldehyde fixation 
 
Samples from De Bruuk and cultures were fixed prior to microscopic analyses (except for the 
DMS-degrading cultures). Samples taken from De Bruuk were immediately fixed upon arrival 
at the lab. For each sample, 0.2 g (wet weight) was suspended in 0.9 ml of fixative, kept on 
ice for 2 h and centrifuged (5 min; 13,000 rpm) after which the resulting pellet was washed 
with 1 ml PBS (phosphate buffered saline; 130 mM NaCl 10 mM sodium phosphate buffer, 
pH 7.2), by suspending and centrifuging. Finally, the fixed material was suspended in 1 ml of 
a PBS and 100% ethanol mixture (1:1) and stored at 20°C until use. The fixative consisted of 
4% paraformaldehyde in PBS (pH 7.2). The fixing procedure was the same for culture 
samples except 1 ml of culture was first centrifuged (5 min; 13,000 rpm) and the resulting 
pellet suspended in 0.3 ml of PBS before addition to the fixative and the fixed material was 
suspended in 0.1 ml of the PBS/ethanol mixture. 
 
16S rRNA gene sequence analyses 
 
High molecular weight DNA was extracted by standard procedures. Hot-start PCR reactions 
were performed in a Tgradient PCR apparatus (Whatman Biometra, Göttingen, Germany). 
The general bacterial 16S rRNA gene PCR primers 616F and 630R (see Haaijer et al. 2006) 
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resulted in 1500 bp products. PCR products were purified prior to cloning (QIAEX II gel 
extraction kit, Qiagen). The TOPO TA cloning kit was used according to the instructions 
supplied by the manufacturer (Invitrogen, Groningen, the Netherlands). Isolation of plasmid 
DNA was performed with the FlexiPrep kit (Amersham Pharmacia P-L Biochemicals Inc.). 
Clones were checked by restriction analysis of plasmid DNA (EcoR1, Fermentas UAB, 
Vilnius, Lithuania).  For the clone libraries of samples BW and BS, partial sequencing of 
clones, resulting in 510-800 bp fragments, was performed with primer M13F. Clone 
16S rRNA gene sequences were compared with their closest relatives in the GenBank 
database by BLASTN searches (http://www.ncbi.nih.nlm.edu/BLAST). With the RDP 
classifier tool (http://rdp.cme.msu.edu/classifier/, Cole et al. 2005), clones were assigned to 
the taxonomical hierarchy proposed in Bergey's Manual of Systematic Bacteriology, release 
6.0 (http://bergeysoutline.com). Further phylogenetic and molecular evolutionary analyses 
were performed with the MEGA 3.1 program (Kumar et al. 2004). 
A selection of clones, based on phylogenetic positions and/or affiliation with functional 
groups of interest, were sequenced with primers M13F, M13R, 610IIF and 1390R (see 
Haaijer et al. 2006). This resulted in almost full-length 16S rRNA gene sequences.  
 
Accession numbers 
 
The nearly full-length sequences obtained in this study have been deposited in GenBank 
under accession numbers EF079080-EF079087. 
 
FISH and microscopic analyses 
 
Probe design, FISH analyses and microscopic inspections were performed as described before 
(Haaijer et al. 2006). Vectashield (Vector Laboratories, inc., Burlingame, CA) mounting 
medium with DAPI (4,6-diamidino-2-phenylindole) was used to enhance the fluorescent 
signal and stain all DNA. Specifications and details of probes used in this study are presented 
in Table 2. Probes EUB 338, EUB II and EUB III were used in combination (bacterial probe 
mix) to hybridize all Bacteria. To minimize the necessary amount of hybridizations, probes 
were used in suitable combinations (e.g.: Cy-5 labeled bacterial probe mix in combination 
with FLUOS- labeled probe Pla 46 and Cy-3 labeled probe Arch 915). For each hybridization, 
a stringency was chosen which facilitated binding of all probes. This turned out to be 25% for 
all hybridizations. The total cell number (DAPI stain) of cultures was determined by 
inspection of 25 images for each fixed sample. Student’s T-test analysis was performed to 
determine the statistical significance of changes in cell number. The total cell number (DAPI) 
of each fixed sample of De Bruuk was determined by analysis of 50 images. To quantify 
specific probe signals, 10 images of each fixed sample were analyzed for each probe. 
Background fluorescence was determined for each sample through analysis of 10 images of 
DAPI-stained sample without probes. Specific probe signals were only regarded as significant 
when they exceeded the background fluorescence.  
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Culturing conditions and media 
 
All liquid cultures were incubated under a gas atmosphere of N2/CO2 (80%/20%) at 30 °C and 
150 rpm. A mineral medium (composition: Haaijer et al. 2006) was used for enrichments and 
subcultures. Nitrate, ferric iron or sulfate, and thiosulfate or DMS where supplied from sterile 
stock solutions. Incubations with thiosulfate and nitrate contained end concentrations of 
5 mM and 8 mM respectively. Incubations of sediment (duplo) with DMS (50 µM end 
concentration) contained ferric iron, sulfate or nitrate as electron acceptor (25 mM end 
concentration). The pH of the mineral medium was 7. Solid mineral media plates were 
prepared by adding 15 g l-1 agarose as a solidifying agent. To determine heterotrophic aerobic 
growth Luria Bertoni plates composed of (g l-1) peptone 10, yeast extract 2.5 and NaCl 5, agar 
15 were used. For heterotrophic anaerobic liquid cultures, LB medium without agar 
supplemented with 20 mM nitrate was used (nitrate broth).   
 
Enrichment and isolation of nitrate-reducing bacteria 
 
Enrichment cultures on thiosulfate and nitrate were obtained by inoculating 15 ml of mineral 
medium with 5 ml of BW material (four replicates). Subcultures were established by tenfold 
dilution whenever the nitrite concentration exceeded a value of 0.7 mM or whenever the 
incubation period exceeded two months. Sub-culturing was performed during 10 months (5 to 
7 subcultures per enrichment culture). After this, material from the subcultures was fixed for 
FISH analysis and solid mineral media were inoculated with 1 ml of culture and incubated for 
2-4 weeks at 30 °C. Single colonies were transferred to mineral media (50 ml) and incubated 
for 2-4 weeks. Plating and subsequent transfer of colonies to liquid medium was repeated at 
least four times. Nitrate and thiosulfate were supplied to end concentrations of respectively 
8 mM and 5 mM when depleted. One of the resulting cultures (20 isolate cultures in total), 
isolate K5A3, was chosen for further characterization. Aerobic heterotrophic growth was 
checked on LB plates by plating 1 ml of culture and incubating for 2 weeks at 30 °C.  Aerobic 
chemolithoautotrophic growth was checked on mineral medium plates. Anaerobic 
heterotrophic growth was tested in nitrate broth. Growth in liquid mineral medium was tested 
in an incubation (27 days) of a 50 ml culture inoculated with cells pre-grown on thiosulfate 
and nitrate. Concentrations of thiosulfate, sulfate, nitrate and nitrite were determined (HPLC) 
and cells fixed for FISH analysis on days 0 and 27. The capacity to oxidize thiosulfate at the 
expense of nitrate was tested in an activity experiment.  A 50 ml mineral medium culture was 
inoculated with cells pre-grown on nitrate broth (supplemented with 5 mM thiosulfate) and 
incubated for 19 days. Samples for chemical analysis (HPLC) were taken on days 0, 4, 11, 13 
and 19 and cells were fixed for microscopic analysis on days 13 and 19. To identify isolate 
K5A3, the 16S rRNA gene sequence was determined (1390 bp) as described above with MQ 
washed cells from a nitrate broth culture as the PCR template. 
Ten additions of DMS (50 µM) to the initial incubations with DMS and nitrate were 
performed. Hereafter, enrichment cultures of DMS-degrading, nitrate-reducing bacteria were 
established by twenty-fold dilution into fresh mineral media containing DMS and nitrate 
(50 µM, 25 mM end concentrations respectively). After four weeks of incubation, 100 µl of 
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these cultures was plated onto solid media and these incubated for two weeks. Single colonies 
were subsequently transferred to mineral medium and incubated for two weeks after which 
two ml was sampled for microscopic inspection and high molecular weight DNA extraction 
followed by cloning and sequencing of the 16S rRNA gene. 
 
RESULTS AND DISCUSSION 
 
Sample description 
 
Figure 1 shows some examples of the iron seep areas in De Bruuk. Figure 1 also shows an 
example of a phase contrast picture of the morphological distinct Leptothrix and Gallionella 
species. Based on phase-contrast microscopy both types of organisms were present in the 
ochre colored flocculent material taken from a ditch in De Bruuk in 2002 (BW). In contrast, 
no morphotypes indicating presence of these microorganisms could be distinguished in the 
sediment sample (BS). Morphotypes indicating the presence of Leptothrix and Gallionella 
species, were present in all 2006 samples, even in the sample that did not contain any visible 
ochre-colored material (DI). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 1. Pictures of iron seep areas in De Bruuk. A, Ditch; B, Puddle; C, close-up of the 
flocculent ochre-colored material after removal from the puddle; D, a representative 
phase-contract microscopy picture of the flocculent ochre-colored material taken from 
the puddle; the blue arrow indicates one of the visible Leptothrix sheaths, the red arrow 
indicates one of the visible Gallionella stalks. (See page 123 for color figure) 
 
Initial screening of the bacterial community composition: (16SrRNA) clone libraries  
 
The bacterial diversity was surveyed by generating 2 separate 16S rRNA gene 
sequence-based clone libraries from the material collected in 2002. The clone library of the 
ochre-colored flocculent material (BW) and the sediment (BS) consisted of 58 and 52 clones 
respectively. In Figures 2 and 3 an overview of phylum distribution within the Bacteria and 
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order distribution within the Proteobacteria is given for the BW and BS clone library 
respectively. Assignment to genus level was possible for 30 clones of the BW clone library 
and 21 clones of the BS clone library. An overview of the genera present in the clone libraries 
is given in Table 3. The presence of functional groups of interest for this study was most 
prominent in the clone library of the ochre-colored flocculent material (BW). In this clone 
library, a total of 11% of all clones could be assigned to genera associated with iron reduction 
(Geobacter and Rhodoferax). Nine percent of all clones could be assigned to the genus 
Gallionella and 3% to the genus Leptothrix, which are genera that are associated with iron 
oxidation. Furthermore, 20% of all clones could be assigned to the epsilonproteobacterial 
genus Sulfuricurvum which is associated with oxidation of reduced sulfur compounds.  
 
 
 
 
 
 
 
 
 
 
 
FIG. 2. Overview of the bacterial community composition of the 16S rRNA gene sequence-based 
clone library generated from the ochre-colored material collected from a ditch in De Bruuk in 
2002 (BW, 58 clones). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 3. Overview of the bacterial community composition of the 16S rRNA gene sequence-based 
clone library generated from the sediment material collected from a ditch in De Bruuk in 2002 
(BS, 52 clones). 
 
Six BW clones were selected for full sequencing (1300-1500 bp): an alphaproteobacterial 
sequence (clone 208), a betaproteobacterial sequence (clone 202), three clones (clone 212, 
221, 187) with high sequence similarities to iron cycle bacteria, and an epsilonproteobacterial 
sequence (clone 181) with high sequence similarity to members of the, sulfur-oxidizing and 
nitrate-reducing, genus Sulfuricurvum. Phylogenetic positions of these clones are shown in 
Figure 4. 
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FIG. 4. Phylogenetic tree showing the positions of the fully sequenced 16S rRNA 
clones. Clones originated from the library generated with material from the 
ochre-colored material collected from a ditch in De Bruuk in 2002 (BW). 
Unrooted bootstrap consensus tree. Bootstrap values (1000 replicates) 
higher than 50% are shown. Calculation of the tree was performed using 
the MEGA program (Kumar et al. 2004) and the distance method of Jukes-
Cantor (1969). 1,400 nucleotide positions were considered in the 
alignment. The scale bar indicates 2 base substitutions per 100 homologous 
sequence positions. 
 
The highest blast hit for the alfaproteobacterial clone 208 was 95% sequence identity with the 
methane-oxidizing dinitrogen-fixing bacterium Methylocapsa acidiphila (AJ278726, Dedysh 
et al. 2002). Clone 202’s highest blast hit was 96% sequence identity with the hydrogen-
oxidizing betaproteobacterium Variovorax paradoxus (DQ256485). Clone 187, a 
deltaproteobacterium, could be assigned to the, dissimilatory iron-reducing, genus Geobacter. 
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However, the highest sequence identity to a previously described Geobacter species was only 
94% (Y19191, Cummings et al. 1999). Clone 221, a possible iron oxidizer, had a highest blast 
hit of 97% sequence identity with an uncultured bacterium from a reactor system treating 
monochlorobenzene contaminated groundwater (AY050584, Alfreider et al. 2002). Clone 
221’s highest sequence identity to a cultured species was 93% to Gallionella ferruginae 
(L07897, Hallbeck et al. 1991; Hallbeck et al. 1993). Clone 212 could be assigned to the 
family Incertae cedis 5, but not to the genus Leptothrix although it had 95% sequence identity 
to L. discophora strain-1 (L33975, Siering & Ghiorse 1996). Clone 181 could be assigned to 
the epsilonproteobacterial, sulfur-oxidizing and nitrate-reducing, genus Sulfuricurvum and 
had 96% sequence identity to Sulfuricurvum kuijense strains YK-2 and YK-4 (Kodama & 
Watanabe 2003). 
 
Design of new probes for FISH 
 
Thus far, no probes were available for, respectively, all Epsilonproteobacteria, the genus 
Sulfuricurvum and the genus Geobacter. Therefore three new probes were designed to 
facilitate a thorough FISH-based determination of the microbial community composition. The 
first, probe EPS 681, targeted almost all Epsilonproteobacteria present in the ARB database. 
Some target organisms however, had a mismatch to the probe (e.g. members of the genus 
Wollinella). Additionally, non-target organisms showing only minor mismatches to the probe, 
which could result in aspecific probe binding in hybridization analyses, were also present in 
the database. An overview of the respective mismatches is shown in Figure 5. The second 
probe was the genus Sulfuricurvum-specific probe SUCL 1431, designed on basis of clone 
sequences obtained in this study and previously published sequences. A mix of probes 
EPS681 and SUCL1431 was used for hybridization analyses. Probe Geo 1423 was designed 
for the genus Geobacter and had at least four mismatches to all non-target organisms.  
The optimal stringency for hybridization analyses of 25% formamide adopted in this study 
was regarded suitable for analyses with the new probes considering the strength and position 
of the mismatches of probe EPS681 to target and non-target organisms and the high 
specificity of probe Geo1423.  
 
Probe sequence         3’–ACCACATCCCCATTTTAGGCA–5’ 
Target sequence         5’–TGGTGTAGGGGTAAAATCCGA-3’ 
  Wolinella spp.*              C--------------------- 
  uncultured Epsilonproteobacteria*      -W-------------------- 
  non-target organisms (I)               M-----------G--------- 
  non-target organisms (II)              ------------G-------T- 
  non-target organisms (III)             ------------G--------- 
*target organisms  
FIG. 5. Difference alignment for probe EPS681 
 
FISH analyses microbial community compositions 
 
A common problem in FISH analysis of environmental samples is the discrepancy between 
DAPI counts (DNA stain) and counts with fluorescently labeled probes (ribosomal stain). In 
theory, combining the counts of the general archeal probe and the bacterial probe mix would 
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yield the same number as the DAPI count. In practice, these numbers differ considerably and 
the ratio between them differs between environments. Combination of the bacterial probe 
mix- and archeal counts resulted numbers of 47% - 78% of the total DAPI count (Figure 6). A 
likely cause is the physiological state of cells in environmental samples; low rRNA content 
leads to defective detection of cells (Bouvier & del Giorgio 2003). To circumvent this 
problem, the specific probe counts were related to the detectable microbial population (the 
sum of the bacterial probe mix count and general archeal probe count) instead of to the DAPI 
count. The 2006 samples from the iron seep areas of De Bruuk were dominated by Bacteria. 
FISH analysis resulted in a significant number of Archaea only for the PO sample (8% of the 
total microbial population). No significant counts were obtained with the Planctomycetes-, 
and Gammaproteobacteria-specific probes. All samples contained members of the beta-1 
subgroup of the Proteobacteria, to which the iron-oxidizing genera Leptothrix and 
Gallionella belong, members of the reduced sulfur compound-oxidizing genus Sulfuricurvum, 
and members of the iron-reducing genus Geobacter. Figure 6 shows the respective microbial 
community compositions of samples DI, DO and PO resultant from the FISH analyses. All 
Epsilonproteobacteria detected belonged to the genus Sulfuricurvum (all cells that hybridized 
with probe EPS 681 also hybridized with probe SUCL 1431).  
 
 
, beta-1 subgroup of   
       Proteobacteria   
, other Betaproteobacteria  
, Alphaproteobacteria   
, genus Sulfuricurvum   
, genus Geobacter  
, Other Bacteria    
, Archaea 
 
Detectable microbial community#                56 %                      78 %                          47 %  
Background fluorescence$                              2 %                        5 %                            3 %  
Total cell number *                 6 (±0.6)·106          5 (±0.5)·106                3 (±0.2)·107 
 
#, sum of the bacterial probe mix- and archeal count expressed as a percentage of the DAPI count; $, 
expressed as a percentage of the DAPI count; *, DAPI count g-1 wet weight, n = 50, standard error 
between brackets. 
 
FIG. 6. FISH analysis of the 2006 samples. DI, material from the ditch with an iridescent film without 
ochre colored material; DO, material from the ditch with ochre colored material; PO, material 
from the puddle with ochre colored material. Pie charts are oriented clockwise. Archaea were 
present in the PO sample only. Alphaproteteobacteria were not detected in the DO sample. 
 
Activity tests and enrichments with material from De Bruuk 
 
Based on earlier results with material from De Bruuk (Lomans et al. 1999a) DMS degradation 
under anaerobic conditions was expected. The incubations of sediment from De Bruuk with 
DMS and nitrate, ferric iron or sulfate as the electron acceptor all showed DMS-degrading 
activity (Figure 7). DMS degradation rates were respectively: 1.3 µM day-1 with nitrate, 
0.9 µM day-1 with sulfate, and 0.6 µM day-1 with ferric iron as electron acceptor. The rate of 
Chapter 4 Iron-seep associated bacteria 
 
 - 83 -
DMS degradation in the culture with nitrate increased after new addition of DMS after 400 h 
(from 1.3 µM to 6.7 µM day-1). Based on these results, an enrichment culture was established 
with nitrate as the electron acceptor. No intermediates (methanethiol, hydrogen sulfide and 
nitrite) were detected. Microscopic inspection of the obtained enrichment culture showed 
dominance of dimorphic prosthecate bacteria (Figure 8A). The 1425 bp 16S rRNA gene 
sequence obtained from the enrichment showed a high sequence identity (99.7%) to the 
16S rRNA gene sequence of Hyphomicrobium facile (Y14311, Rainey et al. 1998).   
The high abundance of members of the genus Sulfuricurvum in clone library BW was 
incentive to start enrichments for reduced sulfur compound-oxidizing, nitrate-reducing 
bacteria. The obtained initial enrichments on thiosulfate and nitrate, and the subcultures 
derived from these, showed coinciding consumption of thiosulfate and production of sulfate 
and nitrite. FISH hybridization of fixed samples from the final subcultures showed presence 
of members of the Gammaproteobacteria and Betaproteobacteria. Epsilonproteobacteria 
were not detected (data not shown). A small rod-shaped (Figure 8B) bacterial isolate (K5A3) 
was obtained resembling Ideonella dechloratans (99.4 % 16S rRNA gene sequence identity, 
1393 bp, to X72724, Malmqvist et al. 1994), a member of the beta-1 sub group of the 
Betaproteobacteria belonging to the genus Leptothrix. A clone resembling this isolate was 
present in the clone library (98.7% sequence identity). No aerobic growth was observed for 
the isolate, and colonies developed on heterotrophic and mineral solid media in 2-5 days and 
1-2 weeks respectively. In the growth and activity tests, no significant growth or activity was 
detected on thiosulfate and nitrate.  
 
FIG.7. Anaerobic DMS degradation in 
sediment from De Bruuk amended 
with different electron acceptors.  
            □, sulfate; ●, ferric iron; ▲, nitrate. 
The DMS concentration in the liquid is 
depicted. The arrow indicates a second 
DMS addition to the nitrate incubation 
 
 
 
 
 
 
 
 
 
 
Iron oxidation and reduction 
 
The iron seep areas of De Bruuk possess an interesting and quite uniform microbial 
population dominated by Bacteria (Figure 6). Analysis of clone libraries immediately revealed 
a relation of the bacterial population to the processes of iron reduction and iron oxidation 
(Table 3). The clone library data suggested that especially bacteria belonging to the genus 
Geobacter could be involved in iron reduction in the more oxidized compartment of the iron 
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seep areas in De Bruuk. This finding was supported by FISH analysis with the newly 
developed Geobacter-specific probe (14, 24, and 11% of the microbial community of samples 
DI, DO and PO respectively).  
The clone library data implied a role for the genera Gallionella and Leptothrix in iron 
oxidation in De Bruuk. The full sequences obtained for the iron oxidation associated 
(Gallionella-like and Leptothrix like) sequences, however, did not exhibit sufficient sequence 
identities to previously described species to enable identification to genus level. FISH 
analysis showed that the beta-1 subgroup of the Betaproteobacteria, to which the genera 
Gallionella and Leptothrix belong, contributed to a major portion of the microbial 
communities of samples  DI, DO and PO (41, 22 and 34% respectively). The process of iron 
oxidation was therefore likely to be mediated by yet unknown Gallionella and Leptothrix 
related species in De Bruuk. 
The full-length sequences obtained in this study exhibited sequence idenitities lower than 
95% to known sequences of iron-reducing and iron-oxidizing species. In order to exclude the 
chance that the sequences in this study represent bacteria possessing other metabolic 
functionalities than, respectively, iron reduction and iron oxidation, further physiological 
characterization of the bacteria in the iron seep areas of De Bruuk would be necessary. 
 
 
 
 
 
 
 
FIG. 8. Phase contrast microscopy pictures of  A, the dimorphic prosthecate  
bacteria in the DMS and nitrate enrichment and B, isolate K5A3. 
            The white bar in the picture of K5A3 indicates 5 µm. 
 
Oxidation reduced sulfur compounds 
 
The results from the DMS incubations of De Bruuk sediment with different electron acceptors 
showed most rapid DMS conversion with nitrate as the electron acceptor. The conversion of 
DMS and nitrate of the Hyphomicrobium facile-dominated enrichment culture seemed to 
proceed completely to sulfate and dinitrogen as no intermediates were detected. Both aerobic 
and anaerobic DMS-degrading microorganisms have been previously described. Aerobic 
DMS-degrading microorganisms that have been previously isolated from sewage treatment 
plants, marine sediments, soil, and biofilters, include Thiobacilli (Visscher & Taylor 1993; De 
Zwart & Kuenen 1992), Hyphomicrobia (Pol et al. 1994, Suylen & Kuenen 1986) and 
Methylophaga (De Zwart et al 1996). Anaerobic DMS-degrading bacteria previously 
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described are methanogens (Lomans et al. 1999b; Kiene et al. 1986), anoxygenic phototrophs 
(Widdel & Pfennig 1981; Zeyer et al, 1987), sulfate-reducing bacteria (Tanimoto & Bak, 
1994) and denitrifying bacteria (Visscher & Taylor 1993b). Our findings suggest that in 
addition to aerobic DMS conversion, Hyphomicrobium species are capable of using DMS 
under nitrate-reducing conditions.   
The clone library data furthermore suggested members of the genus Sulfuricurvum as possible 
players in the oxidation of reduced sulfur compounds in iron seep material. Despite the 
abundance of Sulfuricurvum–like sequences in the clone library however, no 
epsilonproteobacterial, reduced sulfur compound-oxidizing, nitrate-reducing enrichment was 
obtained. The active enrichment obtained, was dominated by Beta- and 
Gammaproteobacteria, and isolate K5A3’s 16S rRNA gene sequence was nearly identical to 
that of Ideonella dechloratans. I. dechloratans was previously described as a bacterium 
capable of chlorate reduction and nitrate reduction (Malmqvist et al. 1994). In contrast to this 
species, K5A3 did not grow with oxygen as the terminal acceptor. No convincing evidence 
for growth or activity of K5A3 on thiosulfate and nitrate was found in this study. The 
importance and function of this isolate in the natural environment remains to be established. 
Type species of the genus Sulfuricurvum is Sulfuricurvum kuijense, a sulfur-oxidizing, 
facultative anaerobic (nitrate-reducing) chemolithotroph isolated from a crude oil storage 
cavity (Watanabe et al. 2000, Kodama & Watanabe 2004). The FISH analysis supported the 
clone library data; 20, 14 and 15% of the microbial communities of sample DI, DO and PO 
respectively, was shown to belong to the genus Sulfuricurvum. Due to the double-
hybridization of probes EPS 681 and SUCL 1431 there was no need to include competitor 
probes to exclude aspecific binding of probe EPS 681 in the hybridization analyses. Under 
other circumstances the competitor probes EPSC1, EPSC2 and EPSC3 (Table 2) are proposed 
for use in combination with probe EPS681. The high abundance of members of the genus 
Sulfuricurvum could be an indication that in addition to iron-cycling, chemolithotrophic sulfur 
oxidation at the expense of nitrate or oxygen is an important process in the iron seep areas of 
De Bruuk. 
 
Microbial community compositions 
 
The microbial community compositions as determined with FISH analyses reflected the 
physiochemical properties of the different samples. The DI sample was a sulfur-rich, iron-
poor system in comparison with the other samples (Table 1). This, in combination with the 
depth of the system (limited availability of oxygen) explains why this sample contained the 
highest amount of bacteria belonging to the, anaerobic to micro-aerobic, sulfur-oxidizing 
genus Sulfuricurvum. The contribution of the genus Geobacter to the total proteobacterial 
population was highest in the DO sample. This can be explained by the high iron content in 
combination with the limited (50 cm deep water column, Table 1) availability of oxygen of 
this sample. Both conditions favor strict anaerobic iron reduction. The limited availability of 
oxygen restricts the proliferation of the aerobic and micro-aerobic beta-1 subgroup genera 
Leptothrix and Gallionella which explains the relatively low fraction of beta-1 subgroup 
bacteria in the DO sample. Although characteristics of the PO sample (shallow system, high 
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iron concentrations, Table 1) were expected to favor the aerobic and micro-aerobic, iron- 
oxidizing Leptothrix and Gallionella species, the beta-1 subgroup to which these species 
belong was not more dominant in the PO sample than in the DI sample (Figure 6). This can be 
explained by the higher total cell number, and higher microbial diversity of sample PO 
(Figure 6) which suggests competition between different microbial trophic groups could be 
more severe in this sample.  
 
CONCLUSIONS 
 
The results obtained on DMS degradation with material from De Bruuk provides strong 
evidence for nitrate-reducing DMS degradation mediated by Hyphomicrobium species, in 
addition to the known aerobic DMS conversion by these microorganisms. The combination of 
an initial screening of the bacterial community (construction of 16S rRNA gene sequence 
based clone libraries) followed by an elaborate FISH analysis proved invaluable in describing 
the bacterial population of the iron seep areas of De Bruuk. This approach showed the 
presence and abundance of several interesting functional groups involved in iron cycling and 
sulfur oxidation in De Bruuk. Our data suggests Geobacter species are involved in the 
reduction of iron in more oxidized compartments of the iron seep areas in De Bruuk and 
members of the epsilonproteobacterial, sulfur-oxidizing genus Sulfuricurvum as involved in 
sulfur oxidation. Epsilonproteobacteria are recognized as globally ubiquitous key players in 
sulfidic habitats (Campbell et al. 2006), but only a few species have been cultured and 
characterized. Furthermore we found indications that iron oxidation in the iron seep areas of 
De Bruuk is mediated by yet unknown Gallionella and Leptothrix related species. A similar 
lack of cultured species as in the case of the sulfur-oxidizing Epsilonproteobacteria exists for 
the genus Leptothrix, although during the past decade significant progress has been made in 
the description of isolated species (Spring et al. 1996) and the description of the phylogeny 
(Siering et al. 1996) of these species. Gallionella- like sequences have recently been found in 
an acidic environment (Hallberg et al. 2006) indicating there is still much to learn about the 
physiology of these microorganisms. Our study indicates that iron seep areas such as those in 
De Bruuk are promising environments to study these types of bacteria. 
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ABSTRACT 
 
Microorganisms play an important role in the redox cycling of iron, especially under 
anaerobic to microaerophilic conditions. Anaerobic iron sulfide mineral rich soils, exposed to 
nitrate, could present suitable habitats for iron cycle bacteria. Reduced iron species could 
serve as electron donors for microbial iron-oxidizing nitrate reducers. Oxidized iron species 
could serve as electron acceptors for microbial iron reducers. In this study, both 
culture-dependent and culture-independent methods were used to determine whether an 
iron-sulfide- and nitrate-rich freshwater environment is a suitable habitat to accommodate 
anaerobic, microbial iron cycling. Molecular analyses (16S rRNA gene clone library, FISH) 
showed iron-oxidizing, nitrate-reducing bacteria accounted for a major part of the microbial 
community in groundwater of an iron sulfide- and nitrate-rich environment. Despite their 
apparent abundance, no iron-oxidizing nitrate reducers could be isolated, although the 
enrichment cultures showed nitrate-dependent iron oxidation. An iron-reducing Geobacter sp. 
could be readily isolated from this environment. FISH and 16S rRNA gene clone library 
analyses did not reveal any Geobacter sp. presence in the groundwater. 
Our findings indicate that the iron-oxidizing nitrate reducers are of importance to the redox 
cycling of iron in the groundwater of our study site and illustrate the necessity of employing 
both culture-dependent and culture-independent methods in studies on microbial activity.  
 
INTRODUCTION 
 
Redox cycling of iron has profound effects on the chemistry of soils and sediments due to the 
sheer abundance of iron, and the interdependence with the cycling of virtually all other 
biochemically relevant elements (e.g: Stumm & Sulzberger 1992; Davison 1993; Nealson et 
al. 2002). Iron species are subject to both chemical and microbial transformations. Iron can be 
abiotically reduced in various manners. Photoreduction, and interactions with sulfhydryl 
groups, organic acids and reducing ligands, all result in reduction of ferric oxides (Nealson & 
Saffarini 1994; Castillo-Gonzalez & Bruns 2005). In sulfur-rich, mainly marine, 
environments, hydrogen sulfide reduces ferric iron oxides which results in the formation of 
iron sulfide (FeS), pyrite (FeS2) and elemental sulfur (Thamdrup et al. 1994; Carey & 
Taillefert 2005). In non-sulfidogenic anaerobic soils and sediments however, microbial iron 
reduction, coupled to organic carbon or hydrogen oxidation, is the dominant process (Sobolev 
& Roden 2002). The importance of microbial iron reduction has been unequivocally 
demonstrated: in many environments it accounts for significant turnover of organic carbon, 
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and has inhibitory effects on sulfate reduction and methanogenesis (Nealson & Saffarini 
1994; Thamdrup 2000; Nealson et al. 2002). The first described iron-reducing bacterial 
species were fermenting bacteria that make use of the reduction as a means to dispose of 
electron equivalents (Lovely & Phillips 1988). Nowadays, also a large variety of 
microorganisms, ranging from slightly psychrophilic to thermophilic, have been described 
that use energy generated through iron reduction for growth. Examples of such dissimilatory 
iron reducers are Geobacter sp, Rhodoferax sp, Geothrix fermentans, Ferribacterium 
limneticum, Geoglobus ahangeri and Shewanella sp.. These microorganisms couple iron 
reduction to oxidation of a large variety of organic compounds, hydrogen or elemental sulfur 
(Nealson & Saffarini 1994; Cummings et al. 1999; Thamdrup 2000; Tor et al. 2001; Kashefi 
et al. 2002; Nevin & Lovely 2002; Finneran et al. 2003). Especially Geobacter species have 
received much attention because of their ability to convert pollutants such as uranium, 
aromatic hydrocarbons and chlorinated solvents (Anderson et al. 1998; Lin et al. 2005; Nevin 
et al. 2005; Sung et al. 2006).                                                                               
The microbial contribution to iron oxidation has long been subject of debate between 
microbiologists and geochemists (Ghiorse 1984). Especially because abiotic iron oxidation 
occurs rapidly in the presence of oxygen (Sobolev & Roden 2002; Emerson & Weiss 2004). 
Under anaerobic conditions, nitrite is a chemical oxidant of ferrous iron (Moraghan & Buresh 
1977; Cooper et al. 2003; Coby & Picardal 2005). Despite these chemical reactions, it is 
presently accepted that microorganisms can contribute significantly to iron oxidation. 
Aerobic, acidophilic iron-oxidizing microorganisms play an important role in the generation 
of acid mine drainage (AMD) (Baker & Banfield 2003). Aerobic, neutrophilic, iron-oxidizing 
microorganisms, that have to compete with the rapid chemical oxidation, have been isolated 
from marine as well as freshwater environments, ranging from iron seeps, groundwater and 
hydrothermal vents to root-plaque of wetland plants (Emerson & Revsbech 1994; Emerson & 
Moyer 1997; Emerson et al. 1999; Edwards et al. 2003; Edwards et al. 2004). The ability to 
gain energy from anaerobic oxidation of iron is widespread among bacteria. Ferrous iron 
serves as an electron donor for phototrophic, purple, non-sulfur bacteria and green sulfur 
bacteria under anaerobic conditions (Ehrenreich & Widdel 1994; Heising et al. 1999). Several 
bacterial species and an archeon, Ferroglobus placidus, have been described that couple 
ferrous iron oxidation to nitrate reduction (Hafenbradl et al. 1996; Benz et al. 1998; Straub et 
al. 2004; Senko et al. 2005; Kumaraswamy et al. 2006; Weber et al. 2006). It has been 
suggested that on a global scale nitrate-reducing, iron-oxidizing bacteria are more important 
than the phototrophs, since they are not limited by the availability of light (Straub et al. 2001). 
Due to the presence of many different electron acceptors and electron donors in a given 
environment, active microbial cycling of iron is possible. Straub et al. (1998) used ferrihydrite 
produced by iron-oxidizing nitrate reducers to enrich iron-reducing bacteria. Indications for 
the coexistence of aerobic iron-oxidizing and anaerobic iron-reducing microorganisms in 
close proximity to each other were found by Weiss et al. (2003) and Roden et al. (2004). 
Furthermore, microbial anaerobic iron cycling by a single organism (a Geobacter sp.) capable 
of both dissimilatory iron reduction and nitrate-dependent iron oxidation was proposed by 
Weber et al. (2005).  
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Iron-sulfide-mineral- and nitrate-rich soils in freshwater ecosystems provide both a source of 
reduced iron and an electron acceptor that could promote growth of anaerobic, non-
phototrophic iron-oxidizers. Oxidized iron species resultant from iron-oxidizing, nitrate-
reducing activity could in turn serve as electron acceptors for microbial iron reducers. To 
determine whether an iron sulfide mineral- and nitrate-rich freshwater environment provides a 
suitable habitat for anaerobic microbial iron cycling, groundwater from an iron sulfide and 
nitrate-rich soil was examined using both culture-dependent and culture-independent 
methods. 
 
MATERIALS AND METHODS 
 
Sampling and handling 
 
In October 2004, a groundwater sample was collected in the freshwater nature reserve Het 
Zwart Water (51° 24’N; 6° 11’E) at 1.5 m depth, at a site situated 1.5 m from edge of lake De 
Venkoelen. Previous measurements had shown increased concentration of acid volatile sulfur 
(an indication for the presence of iron sulfide minerals) nitrate, soluble iron and sulfate around 
the groundwater table of this system (Haaijer et al. 2006). The collected groundwater was 
enriched in iron(hydr)oxides (visible orange precipitates). The sample was transported to the 
lab in a glass serum bottle (10 ml) closed with an aluminium crimp seal. Immediately upon 
arrival at the lab, high molecular DNA was extracted by standard procedures from 0.2 ml of 
sample and 0.3 ml of the sample was fixed for fluorescence in situ hybrization (FISH) by 
addition of 4% w/v paraformaldehyde (0.9 ml), incubating on ice (2 h), centrifuging and 
washing the resulting pellet with phosphate buffered saline (PBS) and finally adding 100% 
EtOH (1:1) upon which the sample was stored at -20°C until analysis. Furthermore, mineral 
media enrichment cultures (20 ml, for composition see Haaijer et al. 2006) were established 
through tenfold dilution and supplemented with either ferrous iron chloride and nitrate (iron 
oxidizer culture medium) or ferric iron citrate and acetate (iron reducer culture medium, from 
anaerobic sterile stock solutions (5 mM end concentrations). These enrichment cultures were 
incubated under a gas atmosphere of N2/CO2 (80%/20%), and incubated at 30 °C and 150 rpm 
for 1.5 months to determine whether the groundwater possessed anaerobic iron-oxidizing 
respectively iron-reducing capacity. All further liquid culturing was performed under the 
same conditions for at least three weeks with (end concentration) 8 mM ferrous iron and 
2 mM nitrate in the iron oxidizer culture medium and 8 mM ferric iron citrate and 1.5 mM 
acetate in the iron reducer culture medium unless specified otherwise. 
 
Isolation of anaerobic iron-oxidizing and iron-reducing bacteria 
 
The iron-oxidizing and –reducing enrichment cultures were transferred by tenfold dilution and 
after 1.5 months of incubation used to inoculate iron oxidizer and iron reducer dilution series 
(10 ml tubes, 10-fold dilutions, to 10-10). These dilution series were incubated without shaking 
for 1 month. The three highest dilutions (106, 107 and 108 for the iron reducer series, 103, 104 
and 105 for the iron oxidizer series) exhibiting activity (changes in color: green to whitish-
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orange for the iron oxidizer, orange to white/green for the iron reducer series) were then used 
to inoculate new iron oxidizer and reducer cultures (20-fold dilution, 20 ml). Ferric and 
ferrous iron, nitrate and nitrite concentrations were determined (see below) at least once a 
week. When a substrate was depleted, new additions were done from sterile stock solutions. 
The same procedure was applied to subcultures. The 20 ml iron-oxidizing, nitrate-reducing 
culture obtained from the 105 dilution was used to inoculate a larger volume enrichment 
culture (fiftyfold dilution, 50 ml) that was transferred once (fiftyfold dilution, 50 ml). To 
obtain DNA for PCR (see below), 25 ml of this last culture was centrifuged (400 rpm, 1 min) 
to pellet ferrous iron precipitates, the supernatant taken and centrifuged (5000 rpm, 5 min) to 
pellet the bacteria, and the resulting pellet was used to isolate high molecular weight DNA. 
The 20 ml iron-reducing culture obtained from the 108 dilution was used to inoculate a larger 
volume enrichment culture (fiftyfold dilution, 50 ml). This culture was then transferred once 
(fiftyfold dilution, 50 ml) and from the resulting culture a 500 ml enrichment (hundred-fold 
dilution, incubation at room temperature, magnetic stirring: 150 rpm) was derived. Medium of 
this culture was replenished when ferric iron was depleted by allowing it to settle for at least 
6 h and decanting, then adding fresh medium and re-applying the anaerobic gas atmosphere. 
The medium was replenished three times before DNA for PCR was extracted (as described 
above). The 500 ml culture was transferred 6 times (tenfold dilution). To exclude the non-
iron-reducing contaminants, the iron-reducing culture was checked by plating portions (1 ml) 
on rich Luria Bertoni (LB) medium supplemented with 20 mM nitrate and solidified with agar 
(15 g L-1) and incubated (30°C, N2/CO2 80%/20% gas atmosphere). As long as growth 
occurred on these plates, iron-reducing dilution series were repeated (3×). When no more 
contaminant, non-iron-reducing, growth was detected, concentrations of acetate, ferric iron 
and ferrous iron were monitored in a 50 ml iron-reducing culture over a 90 h period. After 
this, 0.3 ml of the culture was fixed for fluorescence in situ hybrization (FISH) by addition of 
4% w/v paraformaldehyde (0.9 ml), incubating on ice (2 h), centrifuging and washing the 
resulting pellet with phosphate buffered saline (PBS) and finally adding 100% EtOH (1:1) 
upon which the sample was stored at -20°C until analysis. To obtain single colonies of 
iron-reducing bacteria, agarose (15 g l-1) solidified mineral media (same composition as the 
iron reducer liquid cultures) were inoculated with samples from iron-reducing cultures (1 ml) 
and incubated at 30°C under a N2/CO2 (80%/20%) gas atmosphere for at least 1 month.  
 
Chemical analysis 
 
All liquid samples were supplemented with a Na2CO3 solution, in order to separate nitrate and 
nitrite from free and precipitated iron (Straub et al. 1996) centrifuged for 5 min at 13,000 rpm 
and the resulting supernatant was used for analysis unless specified otherwise. Nitrate and 
nitrite analyses were performed as described previously (Haaijer et al. 2006). Ferrous iron 
concentrations were determined according to Stookey et al. (1970), with minor modifications.  
A mix of 50 µl of sample (not centrifuged) and 150 µl of 1M HCl, was incubated for 1 h at 
room temperature. After this, 20 µl of this mix was added to 200 µl of ferrozine solution 
(0.05 % w/w ferrozine in 50 mM HEPES-buffer, pH 7), vortexed, 1 ml of demi water added 
and measured at 562 nm. For determination of total iron the 1M HCl was replaced with a 
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saturated hydroxylamine solution in 1M HCl. Acetate was measured through injections (10 
µl) of acidified (5% vol/vol formic acid) samples on a Hewlett-Packard model 5890 gas 
chromatograph equipped with a flame ionization detector (195°C) and a HP INNOwax 
column (30m × 0.32m × 0.5 µm). Column temperature was increased from 35°C to 110 °C. 
Isobutyric acid (0.4 mM final concentration) was added as an internal standard.  
 
16S rRNA gene sequence analysis 
  
See Haaijer et al. 2006 for PCR and sequencing primer specifications. All samples contained 
a high amount of iron species, therefore isolated high molecular weight DNA was purified 
prior to PCR (QIAEX II gel extraction kit, Qiagen). Hot-start PCR reactions were performed 
in a Tgradient PCR apparatus (Whatman Biometra, Göttingen, Germany). The general 
bacterial 16S rRNA gene PCR primers 616F and 630R resulted in 1500 bp products. PCR 
products were purified once again prior to cloning. The TOPO TA cloning kit was used 
according to the instructions supplied by the manufacturer (Invitrogen, Groningen, the 
Netherlands). Isolation of plasmid DNA was performed with the FlexiPrep kit (Amersham 
Pharmacia P-L Biochemicals Inc.). Clones were checked by restriction analysis of plasmid 
DNA (EcoR1, Fermentas UAB, Vilnius, Lithuania). A clone library of the groundwater was 
constructed by partial sequencing (594-840 bp fragments) of 67 clones with primer 610IIF. 
Preliminary screening of the iron-oxidizing and iron-reducing cultures was performed by 
partial sequencing (10 clones and 5 clones respectively) with primer 610IIF. One of the clones 
from the iron-reducing culture was selected for full-sequencing with sequencing primers 
M13F, M13R, 1390R and 610IIF. A persisting non-iron-reducing contaminant growing on 
rich medium plates inoculated with material from the iron-reducing culture was identified by 
using colony material suspended in MQ as a PCR template, followed by direct partial 
sequencing with primer 610IIF. 16S rRNA gene sequences were compared with their closest 
relatives by BLASTN searches (http://www.ncbi.nih.nlm.edu/BLAST). With the RDP 
classifier tool (http://rdp.cme.msu.edu/classifier/; Cole et al. 2005), clones were assigned to 
the taxonomical hierarchy proposed in Bergey's Manual of Systematic Bacteriology, release 
6.0 (http://bergeysoutline.com). Further phylogenetic and molecular evolutionary analyses 
were conducted using the software program MEGA version 3.1 (Kumar et al. 2004). The 
clone library data was organized by defining operational taxonomic units (OTU’s) in which 
sequences exhibited ≥ 97% sequence identity. To evaluate the sampling effort in the clone 
library (Singleton et al. 2001), the coverage of the library (C) was calculated according to the 
equation C = [1-(n1/N)] × 100%, where n1 is the number of OTU’s representing a single 
clone, and N is the total number of clones analyzed.  
 
Accession numbers 
 
Sequences from the groundwater clone library are available in GenBank under accession 
numbers DQ997625-DQ997691. Sequences from cultures are available under accession 
number EF014493 (sequence of representative clone from the iron-oxidizing, nitrate-reducing 
culture), EF014495 (Geobacter sp.) and EF014494 (contaminant in the iron-reducing culture).  
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FISH and microscopic inspection 
 
FISH analyses were performed as described before (Haaijer et al. 2006). Vectashield (Vector 
Laboratories, inc., Burlingame, CA) mounting medium with DAPI (4,6-diamidino-2-
phenylindole) was used to enhance the fluorescent signal and stain all DNA. Probes, to 
include in the analyses, were chosen based on the results from the clone library and culturing. 
A bacterial probe mix of Cy-5-labeled probes EUB338, EUB338 II and EUB338 III was used 
to hybridize all Bacteria. The specific probes Geo 1423, EPS 681 (Geobacter sp. respectively 
Epsilonproteobacteria, Chapter 4), Betthio 1001 (betaproteobacterial Thiobacilli, Haaijer et 
al. 2006), BrG1 829 and BrG2 830 (iron-oxidizing dentrifiers, Straub & Buchholz-Cleven 
1998) were used. The total cell number (DAPI) of the groundwater was determined by 
analysis of 50 images. To quantify specific probe signals, 10 images of were analyzed for 
each probe. As a control, background fluorescence was determined by analysis of 10 images 
of DAPI-stained groundwater sample without probes. Specific probe signals were only 
regarded as significant when they exceeded this number (5 ± 1.8 % of the total DAPI count) 
in a statistically significant manner (students T-test). 
 
RESULTS AND DISCUSSION 
 
The iron-sulfide-rich freshwater wetland Het Zwart Water was assumed to provide a suitable 
environment for anaerobic iron cycle bacteria. The groundwater collected from Het Zwart 
Water contained 8 ± 3 ·107 ml-1 bacteria (DAPI stain). A 16S rRNA gene sequence-based 
clone library derived from the bacteria present in the groundwater resulted in the 
identification of 30 OTU’s (coverage 66%). The specifications and details of these OTU’s are 
presented in Table 1. As described below, the culture-independent and culture-dependent 
methods used in this study, gave different results for iron-oxidizing nitrate reducers, and iron 
reducers, respectively. 
 
Iron-oxidizing, nitrate reducers 
 
The clone library data from the groundwater (Table 1, Figure 1) contained multiple (9 % of 
total clones) sequences strongly resembling the iron-oxidizing, nitrate-reducing strain BrG1. 
(Buchholz-Cleven et al. 1997; Straub et al. 2004). FISH analysis of the groundwater sample, 
with a combination of probe BrG1-829, and competitor probe BrG2-830, showed the in situ 
abundance of strain BrG1-like microorganisms (25 ± 9% of the total DAPI count, Figure 1). 
The primary iron-oxidizing, nitrate-reducing enrichment culture derived from the ground-
water exhibited activity (visible as a color change from green to whitish-orange due to the 
oxidation of ferrous iron). The dilution series however showed that only 105 ml-1 iron-
oxidizing bacteria were present in this primary enrichment. Subsequent subcultures exhibited 
iron-oxidizing, nitrate-reducing activity. Stoichiometry of these cultures was in good 
agreement with the theoretical values of 10 moles ferrous oxidized at the expense of 2 moles 
of nitrate. In one of the subcultures for example 1.5 mM of ferrous iron was oxidized at the 
expense of 0.4 mM nitrate, accompanied by a minor formation of nitrite (0.05 mM). 
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The 16S rRNA gene sequence analysis showed the presence of a Klebsiella-like bacterium in 
the enrichment cultures. The consensus 16S rRNA gene sequence obtained (10 clones, 
830 bp), was identical to the sequence of the representative clone oxo8 and exhibited 99% 
sequence similarity to the K. pneumoniae strain described by Ludwig et al. (1995, accession 
number X87276). The clone library of the original sample contained a clone with 99% 
sequence identity to the 16S rRNA gene sequence obtained from the culture, indicating that 
this organism was present in the groundwater. Upon further transfer of the iron-oxidizing, 
nitrate-reducing culture, the activity was lost. The addition of acetate as an organic co-
substrate did not restore activity. Iron-oxidizing, nitrate-reducing activity by Klebsiella sp. 
cells has been described by Senko et al. (2005) under non-growth conditions. It therefore 
seems likely the Klebsiella pneumoniae-like organism detected in the iron-oxidizing nitrate-
reducing culture did not possess the capacity of generating sufficient energy generation for 
growth by coupled iron oxidation and nitrate reduction. 
 
FIG.1. The FISH and clone library data of the  
            groundwater of Het Zwart Water for A; sulfur- 
            oxidizing nitrate reducers (betaproteobacterial  
            Thiobacilli) and B; iron-oxidizing nitrate  
            reducers (strain BrG1-like bacteria). Indicated  
            as a percentage of the DAPI count are the FISH                
            counts of probes Betthio1001 and BrG1 829  
            respectively.  
            , percentage of DAPI count;  
            , percentage of total clones.  
 
 
 
 
Iron reducers 
 
The iron-reducing dilution series of the initial enrichment showed that this culture contained 
108 ml-1 iron-reducing bacteria. Subcultures were readily obtained and very active: the 
medium of all subcultures needed to be replenished at least once a week.    
16S rRNA gene analysis of the iron-reducing culture showed the presence of a Geobacter sp. 
The consensus sequence (5 clones, 804 bp) and the nearly full-length 16S rRNA gene 
sequence (1526 bp) exhibited 100% sequence identity. Both sequences exhibited 99% 
sequence identity to the Geobacter sp. previously described by Cummings et al. (2000, 
accession number Y19191). Plating on rich medium plates showed a persistent contamination 
with a Citrobacter freundii-like organism. The partial 16S rRNA gene sequence of 684 bp 
obtained from this organism had 99% sequence identity to Citrobacter freundii strain DSM 
30039 (accession number AJ233408, Sproer et al., 1999). The Citrobacter freundii-like 
organism showed no iron-reducing capacity: no iron reduction was observed after two months 
of incubation in a 250 ml culture in iron reducer medium. Plating on mineral media plates, 
containing ferric citrate and acetate, did not lead to Geobacter sp. colony-development instead 
the contaminant bacterium developed colonies. The activity of the, through repetitive serial 
Chapter 5 Anaerobic iron cycle bacteria 
 
 - 100 -
dilutions, obtained pure Geobacter sp. culture is shown in Figure 2. Figure 3 shows a 
microscopic picture of the culture. Over a period of 63 h, 1 mM of acetate was consumed and 
5 mM ferric iron reduced. This ratio does not agree well with the theoretical stochiometry of 
8 mM ferric iron reduced at the expense of 1 mM acetate (Lovley et al. 1987). The 
contribution of assimilation to the total amount of acetate consumed, however, can be high: 
46% of total acetate metabolized was assimilated by Geobacter sulfurreducens grown in 
batch culture on fumarate and acetate (Galushko & Schink, 2000). This phenomenon could 
explain the observed low amount of ferric iron reduced in the present Geobacter sp. culture. 
FISH analysis of the groundwater with the genus Geobacter-specific probe Geo 1423 did not 
result in significant numbers of bacteria hybridizing (< 5 ± 1.8 % of the total DAPI count) and 
the clone library (Table 1) did not contain any Geobacter-like sequences, indicating low 
numerical abundance.                                                                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2. Activity of the 50 ml iron-reducing Geobacter sp. culture supplied 
with 8 mM ferric iron citrate and 1 mM acetate.  
             ■, acetate; ●, ferrous iron; ○, ferric iron   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 3. Composite microscopic picture of the images obtained with probe 
Geo 1423 (in red), the bacterial probemix (in blue), and phase 
contrast, of the pure culture of iron-reducing bacteria. The 
Geobacter cells show up in pink. The white bar indicates 5 µm. (See 
page 123 for color figure) 
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Sulfur-oxidizing, nitrate reducers 
 
Because of their apparent abundance in the groundwater of Het Zwart Water we paid attention 
to the role of sulfur-oxidizing, nitrate reducers. The clone library data (Table 1, Figure 1) 
showed 42% of the clones exhibited a sequence identity higher than 97% to the 16S rRNA 
gene sequence of Thiobacillus denitrificans strain ATCC 25259 (accession number: 
CP000116, Beller et al. 2006). FISH analysis of the groundwater material from Het Zwart 
Water with the betaproteobacterial Thiobacilli-specific, probe Betthio 1001 confirmed the 
abundance of these microorganisms (23 ± 9 % of the total DAPI count, Figure 1) as deduced 
from the clone library data. Of course, iron-sulfide- and nitrate-rich environments like Het 
Zwart Water will be enriched in sulfide in addition to reduced iron as a possible electron 
donor for microbial growth. In addition to betaproteobacterial Thiobacilli, likely candidates 
for sulfide oxidation at the expense of nitrate are epsilonproteobacterial species like 
Thiomicrospira denitrificans (Schippers & Jørgensen 2002) and members of the genus 
Sulfuricurvum (Kodama & Watanabe, 2004). Reclassification of Thiomicrospira denitrificans 
to the genus Sulfurimonas has been recently proposed (Takai et al. 2006). Significant numbers 
of Epsilonproteobacteria were not detected (probe EPS 681) in the groundwater. In addition, 
the clone library did not contain epsilonproteobacterial sequences (Table 1). Although 
Thiobacillus denitrificans possesses iron-oxidizing capacity in the presence of nitrate, specific 
reaction rates are much lower, weeks opposed to days, than those of the specific 
iron-oxidizing nitrate reducers previously described by Straub et al. (1996). Given the 
abundance of strain BrG1-like bacteria, it therefore seems most likely that the 
betaproteobacterial Thiobacilli detected in the groundwater are primarily involved in the 
oxidation of reduced sulfur compounds in Het Zwart Water.   
 
Differences in the detection of iron-oxidizing nitrate reducers and iron reducers 
 
Molecular analyses (16S rRNA gene clone library and FISH) showed that the strain 
BrG1-like, iron-oxidizing nitrate reducers accounted for a major portion of the microbial 
community of the groundwater sample from Het Zwart Water. In contrast to the abundance 
demonstrated by the molecular data, the culturing did not lead to the enrichment or isolation 
of this type of bacterium. A probable cause is the completely autotrophic culturing conditions 
adopted in the iron-oxidizing enrichments. Iron-oxidizing nitrate-reducing activity was first 
reported for a lithotrophic enrichment culture. Isolated strains, however, seem dependent on 
the presence of organic co-substrates (Straub et al. 2004). In contrast to the results for iron 
oxidizers, an iron-reducing Geobacter sp. culture was readily obtained. The molecular 
analyses, however, suggested the contribution of this bacterium was of little numerical 
relevance in the groundwater sample. Together, these results, conflicting as they are for the 
functional groups of interest in this study, illustrate the necessity to employ both 
culture-dependent and culture-independent methods in studies on microbial activity. To 
choose only one approach is to disregard the biases inherent to this approach, such as primer-
induced biases in clone libraries (Forney et al. 2004), or selection of fast-growing 
microorganisms in culture media (Grosskopf et al. 1998).  
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Iron cycle bacteria in the groundwater of Het Zwart Water 
 
Based on the abundance of strain BrG1-like, iron-oxidizing nitrate reducers, these 
microorganisms are proposed as the mediators for anaerobic iron oxidation in the 
groundwater from Het Zwart Water. In the iron-sulfide- and nitrate-rich environment of Het 
Zwart Water these bacteria could be of particular importance. Edwards et al. (2004) 
demonstrated accelerated iron sulfide mineral dissolution in the presence of iron-oxidizing 
bacteria. Our hypothesis is supported by earlier findings of the presence of this type of 
bacterium in an iron-sulfide- and nitrate-fed enrichment culture (Haaijer et al. 2006). Because 
of the absence of any obvious iron-reducing bacteria in the groundwater, as demonstrated 
with the molecular methods, complete microbial iron cycling could not convincingly be 
demonstrated in the groundwater of Het Zwart Water. The isolation of the iron-reducing 
Geobacter sp., however, indicates that bacterial iron reduction at the least could be important 
in other compartments (e.g the surrounding soil) of Het Zwart Water.  
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REVIEW AND OUTLOOK 
 
Freshwater wetland ecosystems in the Netherlands are exposed to sulfur and nitrogen 
pollution. The effects of this pollution on freshwater wetland quality are dependent on the 
various biological and chemical parameters which characterize each wetland. A cooperative 
research effort was made by the Department of Microbiology and the Department of Aquatic 
Ecology and Environmental Biology of the Radboud University Nijmegen to explore 
freshwater sulfur-, nitrogen-, and metal-related geochemical and microbial aspects and their 
ecotoxicological effects on plant and soil macrofauna communities. This research effort 
resulted in the thesis ‘Detoxifying toxicants: regulation of metal uptake and toxicity’ by 
Marlies van der Welle (January 2007) which documented the ecotoxicological aspects of 
metal toxicity as modified by sulfur and nitrogen biogeochemistry. The present thesis 
describes the microbial mediators of the nitrogen- sulfur and iron- cycles in freshwater 
wetland ecosystems. Although microbes play an important role in biogeochemical cycling, 
specific knowledge on the identity, activity and interactions of the microbial mediators of the 
sulfur, nitrogen, and iron cycles in freshwater ecosystems is scarce. Therefore, the aspects 
relevant for the microbial ecology of the sulfur-oxidizing, iron-oxidizing and iron-reducing 
bacteria were studied in this thesis. These groups of microorganisms will be influenced by 
enhanced sulfur- and nitrogen inputs and their activities influence the effects of these 
pollutants on freshwater wetland quality. 
 
Detrimental sulfate and nitrate related processes  
 
Increased sulfate concentrations in freshwater wetland ecosystems stimulate sulfate reduction 
rates under anaerobic conditions and therefore the production of sulfide. Sulfide will bind 
with free iron and other metal ions which results in the formation of iron- and other metal 
sulfide minerals and depletion of free metal ions. This sulfide mineral formation effectively 
delays or prevents, dependent on the available amounts of metal ions and sulfide, sulfide 
toxicity and in addition provides a sink for potentially toxic metals. If free iron/metal is 
depleted sulfide promotes the release of phosphate from iron-phosphate complexes (sulfate- 
induced eutrophication; also called internal eutrophication) and has direct toxic effects. Soils 
or sediments that are enriched in metal sulfides are susceptible to severe acidification and 
release of potentially toxic metals when they are exposed to oxygen.  
Nitrate functions as an alternative electron acceptor for microorganisms under anoxic 
conditions. Increased nitrate concentrations may therefore lead to release of sulfate and 
potentially toxic metals from iron sulfide minerals when these are oxidized at the expense of 
nitrate. 
 
Iron sulfide mineral type as a possible determinant for anoxic oxidation 
 
It was shown that the pyrite used in the bioreactor experiment was not a suitable electron 
donor for microbial nitrate reduction (Chapter 3). A chemically prepared iron sulfide 
suspension in contrast did induce microbial nitrate reduction coupled to the oxidation of the 
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sulfide part of the iron sulfide. This suggests that the type of iron sulfide mineral dictates 
whether and to what extent anoxic iron sulfide mineral oxidation will proceed. That the type 
of iron sulfide mineral determines oxidation and rates of oxidation in aerobic processes has 
been generally recognized since the nineties of the last century (Fox et al. 1997). As an 
example of different reactivities: Boon (1996) showed differences in the suitability of two 
different iron sulfide minerals (both pyrites) as electron donors for aerobic oxidation. In that 
case, a pyrite with a larger surface area and pits and cracks at the surface was oxidized by 
Thiobacillus ferrooxidans while another pyrite with a smaller surface area, lacking pits and 
cracks, was not oxidized by this bacterium.  
  
Sulfur-oxidizing bacteria 
 
Sulfur-oxidizing bacteria are of particular importance to freshwater wetland ecosystem quality 
because they generate sulfate and hence contribute to increased sulfate concentrations in these 
originally sulfate-poor systems. Nitrate inputs into freshwater ecosystems may furthermore 
stimulate sulfur-oxidizing bacteria capable of using nitrate as an alternative electron acceptor 
to oxidize iron sulfide minerals under anoxic or oxygen-limited conditions. 
Phylogenetically distinct groups of sulfur-oxidizing bacteria were identified in the freshwater 
wetland ecosystems studied (Chapter 2-5). Strong indications were found for the involvement 
of members of the betaproteobacterial genus Thiobacillus, which consists of 
chemolithoautotrophic sulfur-oxidizing species, in nitrate-dependent anoxic oxidation of the 
sulfurous component of iron sulfide minerals in the freshwater nature reserve Het Zwart 
Water. Soils from this location are relatively poor in organic matter (van der Welle 2007). 
Local seepage in this area is rich in sulfate and iron; concentrations exceeding 1.5 mM have 
been measured in the groundwater. In the past this nature reserve has suffered from sulfate 
induced eutrophication and sulfide accumulation. Furthermore dessication of sediments from 
lake De Venkoelen that is situated in this nature reserve was shown to lead to acidification, 
sulfate increase and release of heavy metals (Lucassen et al. 2002).  
Integration of chemical data and fluorescence in situ hybridization (FISH) analyses for a 
depth profile of soil samples taken from Het Zwart Water showed a correlation between AVS  
presence and abundance of Thiobacilli and an exchange of nitrate for sulfate and soluble iron 
(Chapter 2). Furthermore, a chemolithoautotrophic enrichment culture derived from soil 
collected at the horizon with the highest AVS content was dominated by betaproteobacterial 
Thiobacilli. The AVS (Acid Volatile Sulfur) content is assumed to reflect iron sulfide mineral 
content. This culture produced sulfate at the expense of nitrate when a chemically prepared 
iron sulfide suspension was supplied as the only electron donor. The observed stoichiometry 
of this enrichment culture on iron sulfide agreed with well with the expected one when 
assuming a combination of sulfide oxidation to sulfate at the expense of nitrate reduction to 
nitrite (equation 1) and sulfide oxidation to sulfate at the expense of nitrate reduction to 
dinitrogen gas (equation 2). 
 
4NO3- + HS- Æ SO42- + 4NO2-  + H+    (eq. 1) 
3H+ + 5HS- + 8NO3- Æ 5SO42- + 4N2 + 4H2O   (eq. 2)  
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The bioreactor study presented in Chapter 3 provided additional supporting data for the 
hypothesis that members of the genus Thiobacillus are important microbial players in 
freshwater anoxic iron sulfide mineral oxidation. FISH analyses and 16S rRNA gene 
sequence clone library data showed these microorganisms accounted for a major portion of 
the microbial community in the reactor system which was operated with a chemically 
prepared iron sulfide solution supplied as the electron donor and nitrate and/or nitrite as the 
electron acceptor. The dominant redox process was identified as oxidation of the sulfide 
component of the iron sulfide to sulfate. Nitrite and nitrate were most probably denitrified to 
dinitrogen gas as no ammonium production was detected. The phylogenetic positions of the 
Thiobacillus-like full-length 16S rRNA gene clone sequences obtained from reactor material 
were close to that of the well-known and -described species Thiobacillus denitrificans and 
Thiobacillus thioparus. A distinct difference between these two species is the end product of 
nitrate reduction. T. thioparus reduces nitrate to nitrite whereas T. denitrificans completely 
denitrifies nitrate to dinitrogen gas. The observations that nitrite was readily consumed and 
nitrite accumulated only transiently during the operation of the reactor suggested that the 
Thiobacillus-like organisms present in the reactor were complete denitrifiers. The 
functionality of the other groups of bacteria detected in the reactor (‘Thiobacillus 
plumbophilus’-like, Geothrix-like, Acidovorax-like and OP10-like bacteria) remains to be 
resolved. 
The pure culture of Thiobacillus sp. (Chapter 2) grown on thiosulfate and nitrate did not 
accumulate nitrite which suggests the Thiobacillus sp. involved in sulfur oxidation in Het 
Zwart Water are indeed complete denitrifiers that most probably produce N2. 
Betaproteobacterial Thiobacilli sp. were also abundant in the groundwater from Het Zwart 
Water as shown by FISH analysis and 16S rRNA clone library data (Chapter 5).  
The prominent role of Thiobacillus species in anoxic iron sulfide mineral oxidation was 
supported by laboratory scale percolation experiments of Het Zwarte Water soils (van der 
Welle 2007). In response to percolation with nitrate, sulfate concentrations increased, zinc 
concentrations increased and betaproteobacterial Thiobacilli became significantly more 
abundant.   
With regard to the end product of denitrification (dinitrogen gas) the Thiobacilli sp. in Het 
Zwart Water are physiologically similar to Thiobacillus denitrificans. Recently Beller et al. 
(2006) performed a whole-genome transcriptional analysis of Thiobacillus dentrificans strain 
ATCC 25259 and investigated differential expression under aerobic versus denitrifying 
conditions. Several important gene clusters associated with sulfur compound oxidation were 
expressed at high levels under both aerobic and denitrifying conditions. Under denitrifying 
conditions denitrification associated genes (nar, nir, and nor genes) were strongly 
upregulated. In addition, differential expression shown was shown for RubisCO enzyme form 
I and II involved in CO2 fixation. Form I was upregulated under aerobic and form II under 
denitrifying conditions. These RubisCO forms differ in their relative specificity for CO2 and 
O2, with form I possessing a higher CO2/O2 specificity which is an advantage under aerobic 
conditions. The differential expression patterns observed suggest Thiobacillus denitrificans is 
excellently suited to adapt to changing environmental conditions, in particular with regard to 
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electron acceptor availability (oxygen versus nitrate). These changes occur frequently in 
freshwater wetland ecosystems. 
The analyses of materials from Het Zwart Water resulted in the detection of Thiobacillus 
species as the only candidates for mediating sulfur oxidation. In contrast, the analyses of 
material from the freshwater nature reserve De Bruuk identified multiple sulfur-oxidizing 
genera (Chapter 4). De Bruuk sediments have relatively high organic high organic matter and 
sulfur contents (Lomans et al. 1999; Smolders et al. 2006). Members of the 
epsilonproteobacterial genus Sulfuricurvum were detected (16S rRNA clone library data) in 
the sediment as well as in the overlying water phase of iron seep material from De Bruuk. 
FISH analysis further confirmed members of this genus contributed significantly to the total 
microbial community of iron seep material. The genus Sulfuricurvum is associated with 
chemolithoautotrophic oxidation of reduced sulfur compounds at the expense of oxygen as 
well as nitrate, which agrees well with the retrieval of clones indicative for this genus from 
the water phase as well as the sediment. Denitrification by the type strain Sulfuricurvum 
kuijense produces nitrite as the end product of nitrate reduction (Kodama & Watanabe 2004) 
and is inhibited by nitrite concentrations exceeding 0.7 mM. Other bacteria detected in the 
16S rRNA clone libraries associated with sulfur-oxidizing capacity were Sulfurovum 
lithotrophicum-like and Thiomicrospira denitrificans-like bacteria. 16S rRNA clones 
indicating the presence of these bacteria were only found in the sediment. Both belong, like 
Sulfuricurvum, to the Epsilonproteobacteria. Sulfurovum lithotrophicum is a 
chemolithoautotrophic organism that can use oxygen as well as nitrate (denitrification to N2) 
for sulfur oxidation and is extremely sensitive to nitrite (growth inhibition was observed at 
0.2 mM; Inagaki et al. 2004). Why this organism was present only in the sediment remains to 
be resolved. Reasons could be competition with Sulfuricurvum species for sulfur compounds 
or increased accumulation of nitrite in the water phase (not determined in our study). 
Thiomicrospira denitrificans, proposed for reclassification to the genus Sulfurimonas, is a 
chemolithoautotrophic species that can use nitrate (complete dentrification) and oxygen 
(under oxygen-limited conditions only) for sulfur oxidation (Timmer-ten Hoor 1975, 1981; 
Takai et al. 2006). In agreement with the bacterium’s earlier mentioned preference for 
oxygen-limited conditions Thiomicrospira denitrificans-like clones were only retrieved from 
sediment of de Bruuk and not from the overlying water phase.     
Why sulfur-oxidation is mediated in het Zwart Water by members of a single 
betaproteobacterial genus (Thiobacillus) whereas multiple sulfur-oxidizing 
epsilonproteobacterial genera were detected in iron seep area material from De Bruuk 
(Sulfurovum & Sulfuricurvum) would be an interesting subject for further research. 
Differences in environmental factors such organic matter content (growth of some 
chemolithoautotrophic Thiobacilli has shown to be inhibited by certain organic compounds, 
e.g.: Thiobacillus sajanensis; Dul’tseva et al. 2006), and availability and concentrations of 
electron donors (e.g. Sulfurovum lithotrophicum utilizes sulfur and thiosulfate but does not 
oxidize sulfide) and acceptors (e.g. Sulfuricurvum kuijense does not reduce nitrite) are 
expected to play a role in this partitioning in addition to competition and mutualistic effects.          
Chapter 6 Review and outlook 
 
 - 112 -
A Hyphomicrobium sp. dominated enrichment culture derived from De Bruuk ditch sediment 
degraded DMS, which is a volatile sulfur compound of relevance to global sulfur-cycling, 
global warming and acid precipitation, at the expense of nitrate. Whether these DMS-
degrading denitrifiers are numerically relevant in sediments in De Bruuk remains to be 
established.  
 
Iron-oxidizing bacteria 
 
With regard to microbial iron oxidation the research in Het Zwart Water was focused on 
nitrate reducers in the groundwater. This can be related to anoxic iron sulfide mineral 
oxidation. The investigations in De Bruuk concerned iron oxidation in distinct iron seep areas 
which were sampled close to the water surface.   
In the enrichment culture capable of performing iron sulfide mineral oxidation at the expense 
of nitrate derived from het Zwarte Water soil described in Chapter 2, 16S rRNA gene 
sequence information suggested the presence of nitrate-reducing iron-oxidizers. Partial clone 
sequences obtained from this enrichment showed 100% sequence identity to an iron-oxidizing 
denitrifying Acidovorax species, BrG1, isolated from freshwater ditch sediment (Straub et al. 
2004). FISH analysis however showed that this bacterium made up only a minor portion of 
the microbial community (maximum 1%) of the enrichment culture. In the bioreactor 
experiments with regard to iron sulfide mineral oxidation at the expense of nitrate (Chapter 3) 
the predominant fate of the ferrous iron component of the iron sulfide was identified as 
biological oxidation. Most notably however no indications for the presence of Acidovorax 
species associated with anoxic ferrous iron oxidation were found. The clone 16S rRNA 
sequences retrieved from reactor material indicative for the presence of Acidovorax species 
most resembled organotrophic members of this genus for which growth at the expense of 
ferrous iron and nitrate has not been described. The sulfur-oxidizing Thiobacilli species 
detected in this reactor set-up could also be responsible for iron oxidation as these species 
have been reported to possess iron-oxidizing activity (Chapters 2 & 5).  
Despite initial iron-oxidizing nitrate-reducing activity of an enrichment culture derived from 
groundwater of Het Zwart Water, once again, Acidovorax species associated with this process 
were not detected in this culture (Chapter 5). In contrast to the apparent lack of these 
microorganisms in laboratory set-ups, molecular data derived from the groundwater itself 
indicated these organisms are not only present but also abundant in the freshwater wetland 
ecosystem. FISH analysis of the groundwater with probe BrG1 829 specific for these 
organisms showed approximately 25% of all DAPI (DNA stain) stained cells were 
Acidovorax sp. BrG1-like organisms. In addition, 9 % of the total clones in a 16S rRNA gene 
sequence-based clone library constructed for the groundwater exhibited high sequence 
identities to this strain. A possible reason for the striking difference in detection of 
Acidovorax species associated with iron oxidation at the expense of nitrate between field and 
laboratory material is the lack of organics in the laboratory set-ups as these species may 
require organic cosubstrates (Straub et al. 2004). In addition, Straub et al. (2004) suggested 
iron-oxidizing activity of these organisms may be dependent on a delicate balance between 
the availability and toxicity of ferrous iron and furthermore availability of phosphate and/or 
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bicarbonate. The media used in the present studies contained concentrations of bicarbonate 
and phosphate (12.5 mM and 0.44 mM) which have been described by Straub et al. (2004) as 
suboptimal for ferrous iron oxidation with nitrate. The observation of the abundance of 
Acidovorax species associated with iron oxidation and nitrate reduction in the groundwater of 
Het Zwart Water suggests a role for these microorganisms in nitrate-induced freshwater 
anoxic iron sulfide mineral oxidation, especially because the presence of iron sulfide minerals 
was indicated around the groundwater level by means of AVS determinations (Chapter 2). 
More detailed studies aimed at determining their physiology and activity in the natural 
environment are necessary to elucidate the role of these organisms. Obtaining a pure culture 
of these organisms would be of great benefit for further investigations as pure culture studies 
facilitate exploration of metabolic capacities and demands (such as autotrophic potential, 
sensitivity to ferrous iron concentration) and therefore enables further assessment of their 
ecological relevance and impacts.   
As mentioned earlier the investigations of iron-oxidizing bacteria in De Bruuk focused on 
distinct iron seep areas (Chapter 5) which were sampled close to the water surface. In 
accordance with the expectancy that iron oxidation would proceed with oxygen in these iron 
seep areas, morphotypes indicating the presence of micro-aerophilic Gallionella and 
Leptothrix species (both members of the beta-1 subgroup of the Proteobacteria) were 
observed. Leptothrix species are sheath-forming chemoorganotrophs (Spring 2002) that 
(passively) promote iron and manganese oxidation and are mostly associated with unpolluted 
iron-rich environments. Gallionella is also often associated with very pure iron-bearing 
waters (Hanert 1999). Gallionella ferruginae is a chemolithoautotrophic stalk-forming 
organism capable of deriving energy for growth from the oxidation of ferrous iron. Molecular 
16S rRNA gene sequence data confirmed the presence of the genera Leptothrix and 
Gallionella in De Bruuk iron seep material. Because of low sequence identities of full-length 
16S rRNA gene sequences obtained for clones associated with these genera it was assumed 
iron oxidation in De Bruuk iron seeps was mediated by yet unknown Gallionella and 
Leptothrix-like species. Analogues to the nitrate-reducing iron oxidizers of Het Zwart Water, 
pure cultures of the iron oxidizers of the iron seep areas in De Bruuk would be helpful in 
gaining more knowledge on their ecological impact.  
 
Iron-reducing bacteria 
 
Iron-reducing bacteria profit from the generation of oxidized iron species by iron-oxidizers. 
They may also counteract potential toxic effects of trace metals mobilized by oxidative 
processes as reduced metal species are often less toxic and mobile than their oxidized 
counterparts. In both the freshwater wetland ecosystems studied Geobacter species were 
detected (Chapters 4 and 5). An iron-reducing enrichment culture derived from Het Zwart 
Water groundwater was dominated by Geobacter sp. as shown by 16S rRNA gene sequence 
and FISH analysis (Chapter 5). Isolation of this species was complicated by the persistence of 
a non-iron-reducing contaminant and finally accomplished with repetitive dilution series. To 
our surprise however FISH analysis showed that this bacterium was numerically not relevant 
in the groundwater itself. Analyses of other compartments of Het Zwarte Water (e.g. FISH 
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analysis of the soils at the groundwater level) would be beneficial in elucidating the role of 
this iron reducer in Het Zwart Water.  
In Chapter 4 examinations of iron seep materials showed predominantly Geobacter as iron 
reducers in the more oxic compartments of the iron seeps (materials from above the 
sediment).  With 16S rRNA gene sequence analyses, Geobacter-like sequences were detected 
in the non-sediment compartment only. FISH analysis confirmed Geobacter abundance in this 
compartment. In contrast, the 16S gene sequence analysis of sediment material did not 
indicate the presence of Geobacter but did indicate the presence of two other genera 
associated with iron reduction (Ferribacterium and Rhodoferax). Clone sequences (16S rRNA 
gene) from the sediment as well as from the ochre colored material from the overlying water 
phase indicated the presence of members of the genus Rhodoferax, which agrees well with the 
description of the facultative anaerobic nature of the type strain Rhodoferax ferrireducens 
(Finneran et al. 2003). Clone sequences indicating the presence of members of the genus 
Ferribacterium were only found in the sediment, which agrees well with the low oxygen 
tolerance reported by Cummings et al. (1999) for the type species Ferribacterium limneticum.  
Remarkably, Geobacter was isolated and/or detected in compartments in which conditions are 
expected to be not very reduced. In Chapter 5 a Geobacter sp. was isolated from Zwart Water 
groundwater and in Chapter 4 Geobacter shown to be abundant in the more oxic 
compartments of the iron seeps areas. In addition, the handling of the Geobacter cultures in 
Chapter 5 was not completely anaerobic. When supplying new medium to active cultures 
these where temporarily exposed to the air (5 min maximum). Obligate anaerobes would lose 
viability under those conditions. Although Geobacter species are mostly described as obligate 
anaerobes, the presence of these microorganisms under conditions that are not absolutely 
anaerobic is not unprecedented. Geobacter sp. CdA-3, which based on it’s 16S RNA gene 
sequence most resembled our Geobacter-like 16S rRNA gene sequences was isolated from 
the upper parts of sediments (Cummings et al. 2000). In these upper parts redox conditions 
(~ + 60 mV) suggested molecular oxygen would still be available. In addition growth with 
oxygen as the terminal electron has been demonstrated for Geobacter sulfurreducens (Lin et 
al. 2004). An intriguing question arising from these findings is: to what extent are the 
Geobacter species detected in De Bruuk and Het Zwart Water aerotolerant, or even capable of 
utilizing oxygen? In addition to this, the abundance of the iron-reducing Geobacter species in 
the iron seep areas of De Bruuk in the same compartment as the micro-aerophilic iron 
oxidizers suggests a tight coupling of iron oxidation and reduction. 
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Conclusions 
 
The findings of the microbiological studies presented in this thesis can be summarized as 
follows: 
 
• Thiobacillus species performing sulfur oxidation to sulfate coupled to complete 
denitrification of nitrate are most likely involved in promoting anoxic iron sulfide 
mineral dissolution in freshwater ecosystems. 
• Acidovorax species capable of coupling ferrous iron oxidation to nitrate reduction are 
a second group of bacteria likely involved in promoting anoxic iron sulfide mineral 
dissolution in freshwater ecosystems. 
• The simultaneous detection of iron oxidizers (Leptothrix and Gallionella) and iron 
reducers (Geobacter) indicates a tight coupling of aerobic and anaerobic iron 
conversion. 
• Iron reduction mediated by Geobacter species is probably not restricted to absolute 
anaerobic conditions.  
• The type of iron sulfide mineral available is a determinant factor in the occurrence of 
anoxic iron sulfide mineral oxidation- less crystalline iron sulfide minerals are more 
labile and therefore more suitable electron  donors for microbial nitrate reduction. 
 
The research resulted in the detection and proof for abundance of freshwater nitrate-reducing 
iron-oxidizing and sulfur-oxidizing microorganisms whose metabolic activities promote 
anoxic iron sulfide mineral oxidation. It can therefore be concluded that:  
 
• In freshwater wetlands receiving nitrate inputs, generation of sulfate and mobilization 
of toxic metals will not be restricted to conditions where atmospheric oxygen is 
present due to microbial denitrifcation coupled to iron sulfide mineral oxidation. 
 
This microbiological data supports a conclusion of relevance for management of freshwater 
wetland ecosystem which was discussed previously in detail from an ecological perspective 
by Lucassen et al.  (2005): 
 
• Persisting anoxic conditions (by maintenance of high water levels) are not sufficient 
to prevent adverse processes such as sulfate-induced (internal) eutrophication and 
metal toxicity.  
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Nederland bezit vele natte natuurgebieden, die ook wel wetlands worden genoemd. In deze 
wetlands komen diverse planten en dieren voor, waaronder vele zeldzame soorten. Hierdoor 
spelen wetland ecosystemen een belangrijke rol in het behoud van biodiversiteit. Verder zijn 
wetlands van belang voor recreatie en bieden zij bescherming tegen overstromingen. 
Bovendien hebben wetlands een hoge esthetische landschapswaarde en zijn zij een bron van 
(drink)water. 
Zoals over de hele wereld het geval is, worden ook in Nederland wetlands bedreigd door 
menselijke activiteit. Veel wetlands zijn geheel verdwenen en anderen sterk in kwaliteit 
achteruit gegaan door de toegenomen bevolking en vervuiling. Om verdere achteruitgang 
tegen te gaan, hebben veel van deze waardevolle natuurgebieden een beschermde status 
gekregen en worden diverse maatregelen genomen voor herstel en behoud. Om beslissingen te 
kunnen nemen in het kader van het beheer van wetlands is inzicht in de biogeochemische 
processen die ten grondslag liggen aan het functioneren van deze ecosystemen van belang. 
Micro-organismen spelen een belangrijke rol bij deze biogeochemische processen: door hun 
vermorgen elementaire reacties te katalyseren, vormen zij de basis van deze processen.  
Zwavel- en stikstofverontreiniging hebben onder andere geleid tot hogere concentraties van 
nitraat en sulfaat in Nederlandse wetlands. Sulfaat is op zichzelf geen toxische verbinding 
maar zal onder zuurstofloze omstandigheden met een lage redoxpotentiaal door sulfaat 
reducerende bacteriën omgezet worden naar sulfide. Dit sulfide is bij lage concentraties al 
zeer toxisch. Als er vrije ijzer- of andere metaalionen aanwezig zijn, zal het sulfide binden 
met deze ionen en precipiteren als ijzer/metaalsulfides (FeSx, MeSx). Zijn er geen vrije 
metaalionen (meer) aanwezig, dan zal het sulfide binden met ijzer uit ijzerfosfaatcomplexen 
en op deze wijze fosfaat vrijmaken. Fosfaat is een belangrijke groei-limiterende verbinding in 
zoetwater wetland ecosystemen en daardoor zullen verhoogde sulfaat concentraties dan ook 
leiden tot eutrofiëring. Deze sulfaat-geïnduceerde eutrofiëering wordt ook wel interne 
eutrofiëring genoemd. Hoewel de vorming van sulfidemineralen onder zuurstofloze 
omstandigheden toxisch sulfide vastlegt, zullen bodems en sedimenten, die op deze wijze 
opgeladen zijn met sulfide mineralen, gevoelig zijn voor verregaande verzuring en het 
vrijkomen van potentiëel toxische metalen wanneer ze worden blootgesteld aan zuurstof 
(bijvoorbeeld door het zakken van het waterpeil). Verhoogde nitraatconcentraties hebben 
meerdere en zelfs tegengestelde effecten. Aan de ene kant functioneert nitraat bijvoorbeeld als 
een redoxbuffer en kan (tijdelijk) de vorming van sulfide tegengaan. Aan de andere kant 
kunnen micro-organismen nitraat als alternatieve electronacceptor gebruiken om bijvoorbeeld 
(ijzer)sulfides te oxideren waarbij sulfaat en potentiëel toxische metalen vrijgemaakt worden.  
Het onderzoek in dit proefschrift richtte zich op micro-organismen die betrokken zijn bij 
processen die plaatsvinden in reactie op de toegenomen beschikbaarheid van nitraat en sulfaat 
in zoetwater ecosystemen. Hierbij werd in het bijzonder aandacht besteed aan de volgende 
functionele microbiële groepen: zwaveloxiderende nitraatreducerende, ijzeroxiderende en 
ijzerreducerende bacteriën.  
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De microbiële oxidatie van ijzersulfides ten koste van nitraat werd allereerst onderzocht in het 
zoetwater natuurreservaat Het Zwart Water in de buurt van Venlo (Hoofdstuk 2). Metingen 
aan de chemische samenstelling van grondmonsters in een diepteprofiel lieten een correlatie 
zien tussen de aanwezigheid van zogenaamd Acid Volatile Sulfide (AVS; wat gebruikt werd 
als indicator voor de aanwezigheid van ijzersulfides) en een uitwisseling van nitraat voor 
sulfaat en ijzer rond het grondwaterniveau. Dit is een sterke aanwijzing dat op deze plek 
ijzersulfidemineralen door bacteriën worden geoxideerd met nitraat als electronacceptor. 
Verder werd vanuit een grondmonster, met de hoogste AVS concentratie, een bacteriële 
ophopingscultuur verkregen die ijzersulfide oxideerde en nitraat omzette naar nitriet en 
stikstofgas. Het dominante micro-organisme in deze ophoping bleek een lid te zijn van het 
betaproteobacteriële genus Thiobacillus. Van de leden van dit genus is bekend dat zij, op 
chemolithoautotrofe wijze, gereduceerde zwavelverbindingen kunnen oxideren met zuurstof 
en soms ook met nitraat. Naast een Thiobacillus sp. werd een ander micro-organisme 
gedetecteerd wat op basis van zijn 16S rRNA gensequentie een grote gelijkenis vertoonde met 
een ijzeroxiderende nitraatreducerende Acidovorax sp. Met behulp van een nieuw 
ontwikkelde moleculaire probe werd via microscopische analyses (FISH; Fluorescence In Situ 
Hybridization) de aanwezigheid van betaproteobacteriële Thiobacilli vastgesteld in 
grondwater en het eerder genoemde diepteprofiel van Het Zwart Water. Bovendien werd een 
relatie waargenomen tussen de aanwezigheid van deze micro-organismen en de aanwezigheid 
van AVS. De hieruit voortkomende hypothese dat betaproteobacteriële Thiobacilli betrokken 
zijn bij anaërobe oxidatie van ijzersulfide mineralen werd verder ondersteund door data 
verkregen uit laboratoriumexperimenten met een bioreactor (Hoofdstuk 3). In deze 
experimenten werd allereerst vastgesteld dat een kristallijn pyriet (FeS2) geen geschikte 
electrondonor vormde voor microbiële nitraatreductie. Een ijzermonosulfide (FeS) bleek wel 
een geschikte electrondonor. Een groot deel van de microbiële gemeenschap in de reactor 
bleek tot de betaproteobacteriële Thiobacilli te behoren. Verder werd vastgesteld dat het 
dominante redoxproces in de reactor de oxidatie van de sulfidecomponent van 
ijzermonosulfide tot sulfaat gekoppeld aan nitraatreductie tot stikstofgas (denitrificatie) was. 
Moleculaire data verkregen met een grondwatermonster uit Het Zwart Water bevestigde 
nogmaals de aanwezigheid en het numerieke belang van Thiobacilli in de zones in Het Zwart 
Water die rijk zijn aan ijzersulfide mineralen (Hoofdstuk 5).  
In watermonsters en sedimentmonsters van plekken met een ijzerrrijke kwel in het zoetwater 
natuurreservaat De Bruuk in de buurt van Groesbeek (Hoofdstuk 4) werden meerdere 
potentiële zwaveloxiderende micro-organismen behorend tot epsilonproteobacteriële genera 
aangetroffen. Er werden op Sulfuricuvum, Sulfurovum en Thiomicrospira dentrificans 
gelijkende bacteriën aangetroffen. Opvallend was verder dat de verschillende 
zwaveloxiderende chemolithoautotrofe micro-organismen verdeeld bleken over het sediment 
(meer anoxische zone; Sulfurovum en Thiomicrospira denitrificans) en de waterfase (meer 
oxische zone, Sulfuricurvum). FISH analyses met Sulfuricurvum-specifieke probes toonde de 
numerieke relevantie dat dit genus aan in watermonsters. Van Thiomicrospira denitrificans is 
het bekend dat deze de voorkeur geeft aan zuurstofloze omstandigheden, maar voor 
Sulfurovum (die ook aërobe oxidatie uitvoert) is nog onbekend waarom deze niet in de 
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waterfase voorkomt. Mogelijke redenen zouden de competitie met Sulfuricurvum, of hogere 
nitrietconcentraties in de waterfase kunnen zijn (de groei van Sulfurovum lithotrophicum 
bijvoorbeeld wordt al geremd door een nitrietconcentratie van 0.2 mM). Verder werd een 
ophopingscultuur van Hyphomicrobium sp. verkregen die DMS (dimethylsulfide) oxideerde 
met nitraat. DMS is een vluchtige organische zwavelverbinding die van belang is voor de 
globale zwavelcyclus en bovendien een rol speelt bij zure depositie en bijdraagt aan het 
broeikaseffect. 
Met behulp van microscopische en moleculaire methoden werd verder vastgesteld dat de 
plekken met ijzerrijke kwel in De Bruuk vele micro-aërofiele ijzeroxiderende (op Gallionella 
en Leptothrix gelijkende) bacteriën en ijzerreducerende (op Geobacter, Ferribacterium en 
Rhodoferax gelijkende) bacteriën bevatten. Leptothrix (een organotroof die waarschijnlijk niet 
kan groeien ten koste van ijzeroxidatie) en Gallionella (een chemolithoautotroof organisme 
dat kan groeien door ijzer te oxideren met zuurstof) werden gevonden in het meer oxische 
compartiment (de waterfase) van de plekken met ijzerrijke kwel. Deze micro-organismen 
worden meestal gevonden in heel zuiver, ijzerrijk water en hebben beiden een typische 
morfologie. Gallionella vormt spiraalvormige filamenten en Leptothrix wordt omgeven door 
een kokervormig omhulsel. Beiden werden alleen in de waterfase aangetroffen wat 
overeenkomt met hun zuurstofafhankelijke levenswijze. Rhodoferax is een facultatief 
anaëroob ijzerreducerend micro-organisme wat verklaart dat dit organisme zowel in het 
sediment als in de waterfase werd aangetroffen. Ferribacterium heeft een lage 
zuurstoftolerantie wat zijn exclusieve voorkomen in het sediment verklaart. Verassend genoeg 
werden op Geobacter gelijkende micro-organismen aangetroffen op plekken waar nog 
zuurstof verwacht wordt. Uit het grondwater van Het Zwart water werd een Geobacter sp. 
geïsoleerd en op Geobacter gelijkende micro-organismen maakten een significant deel uit van 
de microbiële gemeenschap van de waterfase in de plekken met ijzerrijke kwel in De Bruuk 
(Hoofdstuk 4 en 5). Hoewel Geobacter sp. meestal beschreven wordt als een strikt anaëroob 
micro-organisme is deze aanwezigheid waarschijnlijk niet ongebruikelijk. Geobacter sp. is in 
het verleden al geïsoleerd uit een omgeving met een vrij hoge redoxpotentiaal en aërobe groei 
is reeds beschreven voor dit soort micro-organisme. Dat ijzeroxiderende en ijzerreducerende 
bacteriën beiden aanwezig waren in de waterfase van de plekken met ijzerrijke kwel in De 
Bruuk suggereert een nauwe koppeling van deze processen.  
In overeenstemming met de eerder (Hoofdstuk 2) vastgestelde aanwezigheid van op 
ijzeroxiderende nitraatreducerende Acidovorax sp. gelijkende micro-organismen in de 
ophopingscultuur, die ijzersulfide omzette met nitraat, toonde moleculaire data aan dat deze 
organismen numeriek van belang waren in grondwater van Het Zwart Water (Hoofdstuk 5). 
Dit soort bacteriën is in het bijzonder van belang vanwege hun vermogen om 
ijzersulfidemineralen versneld op te lossen. Dit is eerder door andere auteurs beschreven in 
een marien systeem.  
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Analyse van de data verkregen uit het microbiële onderzoek naar potentiële spelers in de 
zwavel-, stikstof- en ijzercycli in zoetwater ecosytemen (Hoofdstuk 6) leidde tot de volgende 
conclusies: 
 
• Thiobacillus species die zwaveloxidatie tot sulfaat koppelen aan complete reductie van 
nitraat tot stikstofgas (denitrificatie) zijn hoogstwaarschijnlijk betrokken bij de 
oxidatie van ijzersulfide mineralen onder zuurstofloze omstandigheden in zoetwater 
ecosystemen. 
• Acidovorax species die de oxidatie van gereduceerd ijzer koppelen aan nitraatreductie 
zijn een tweede groep van micro-organismen waarvan verwacht word dat zij een rol 
spelen in de oxidatie van ijzersulfide mineralen in zoetwater ecosystemen. 
• De gezamenlijke detectie van ijzeroxiderende (Leptothrix and Gallionella) en 
ijzerreducerende (Geobacter) bacteriën suggereert een koppeling van ijzeroxidatie en 
ijzerreductie. 
• IJzerreductie door Geobacter species is waarschijnlijk niet beperkt tot absoluut 
anoxische omstandigheden.  
• Het beschikbare type ijzersulfidemineraal is een bepalende factor voor het 
plaatsvinden van anaërobe oxidatie van ijzersulfide mineralen - minder kristallijne 
ijzersulfides zijn labieler en zijn daardoor geschiktere electrondonoren voor microbiële 
nitraatreductie. 
 
De onderzoeksresultaten leverden bewijs voor de aanwezigheid en numerieke relevantie van 
zoetwater ijzeroxiderende- en zwaveloxiderende nitraatreducerende micro-organismen die 
door hun metabole eigenschappen in staat zijn anaërobe oxidatie van ijzersulfide mineralen te 
bevorderen. Hierdoor kan worden geconcludeerd dat:  
 
• Ten gevolge van microbiële denitrificatie met ijzersulfide mineralen als 
electrondonoren de vorming van sulfaat en de mobilisatie van potentiëel toxische 
metalen in zoetwater wetlands die nitraatrijk water ontvangen niet beperkt is tot 
omstandigheden waar moleculair zuurstof aanwezig is. 
 
Deze microbiologische data ondersteunt een belangrijke conclusie die relevant is voor 
management van zoetwater ecosystemen: 
 
• Aanhoudende anaërobe omstandigheden (door het waarborgen van hoge 
waterniveaus) zijn niet afdoende om negatieve processen zoals sulfaat-geïnduceerde 
(interne) eutrofiëring en metaaltoxiciteit te voorkomen. 
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Chapter 2 FIG. 3. FISH of the enrichment culture 
with the 23S rRNA gene-based probe set 
BET42a/GAM42a. Probe BET42a was FLUOS-
labeled (in green), probe GAM42a was Cy-3-
labeled (in red). An overlay of the two 
fluorescent signals is shown. 
Chapter 2 FIG. 6. FISH of the enrichment 
culture with a combination of probe 
Betthio1001 (Cy-3 labeled, red) and the 
bacterial probe mix (Cy-5-labeled, blue). 
Shown is an overlay of the phase-contrast 
picture and both probe signals. Double 
hybridization results in a pinkish-white 
signal. 
Chapter 2 FIG. 5. FISH of 
cultures A (top pictures) 
and B (bottom pictures) of 
Thiobacillus denitrificans 
strain DSMZ 739. From 
left to right are shown: the 
phase-contrast picture, the 
fluorescent signal obtained 
with probe Betthio1001 
(Cy-3-labeled, red) and the 
fluorescent signal obtained 
with the bacterial probe 
mix (Cy-5-labeled, blue).  
Chapter 2 - FIG. 7. FISH of an iron sulfide-, 
nitrate-rich groundwater sample. (A) is 
the phase-contrast picture. (B) shows the 
signal obtained with the bacterial probe 
mix (Cy-5-labeled, blue). In (C) the signal 
obtained with probe Betthio 1001 (Cy-3 
labeled, red) is shown. (D) shows the 
signal obtained with both probes (Cy-3 
and Cy-5). Encircled: three Thiobacillus 
denitrificans-like cells  
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Chapter 4 FIG. 1. Pictures of iron seep areas in De Bruuk. A, Ditch; B, Puddle; 
C, close-up of the flocculent ochre colored material after removal from the 
puddle; D, a representative phase contract microscopy picture of the flocculent 
ochre colored material taken from the puddle; the blue arrow indicates one of 
the visible Leptothrix sheaths, the red arrow indicates one of the visible 
Gallionella stalks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Chapter 5 FIG. 3. Composite microscopic picture of the 
images obtained with probe Geo1423 (in red), the bacterial 
probemix (in blue), and phase contrast, of the pure culture of 
iron-reducing bacteria. The Geobacter cells show up in pink. 
The white bar indicates 5 µm.  
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Na maanden van (her)schrijven, corrigeren, de stukken nog eens na laten lezen en zelfs 
schelden op onwillige computerprogramma’s is het dan eindelijk zo ver: in dit stukje kan ik al 
die mensen bedanken die dit proefschrift mede mogelijk hebben gemaakt.  
Op de eerste plaats de mensen die de taak hadden om het onderzoek te overzien, te stimuleren 
en bij te sturen: Mike en Huub. Mike, onze werkbesprekingen waren altijd weer verhelderend 
en waardevol, daarnaast was de input die jij gaf over mijn ‘schrijfsels’ niet alleen altijd nuttig 
en ‘to the point’, maar ook razend snel, zelfs als je een heleboel andere belangrijke(re) zaken 
had om je mee bezig te houden. Huub, ik heb tijdens mijn promotietraject telkens kunnen 
rekenen op je steun wanneer dat nodig was. Van kleine praktische zaken zoals de 
eerdergenoemde onwillige computerprogramma’s, tot werkbesprekingen, even kijken naar 
leuke bacteriën onder de microscoop, het nakijken van manuscripten en het maken van 
figuren (ik kan nog wel even zo eindeloos doorgaan): als jij kon helpen of ik mijn hart eens 
hoognodig moest luchten, stond je altijd weer klaar. Ook Marc kan ik niet onvermeld laten: 
bedankt voor alle nuttige werkbesprekingen. Ik weet niet hoe hoofdstuk 4 van dit boekje eruit 
zou hebben gezien zonder jouw input (en of het nu wel af was geweest…). 
Bijzondere dank ook voor de ecologische collega’s, Leon, Jan, Fons en Marlies, die er mede 
voor verantwoordelijk zijn dat dit boekje naast een heleboel ‘Micro’ ook ‘Eco’ bevat. Bedankt 
voor de nuttige tips, adviezen, informatie en natuurlijk ook de veldtripjes die ik mee heb 
mogen beleven. Marlies, de samenwerking met jou vond ik niet alleen prettig, maar het was 
vooral ook vaak gezellig. Hoewel je nu toch ietsjes verder weg bent gaan werken en wonen 
hoop ik dat we elkaar nog wel eens gaan tegenkomen. Misschien kan ik jou eens overhalen 
naar één van mijn favoriete bands te gaan kijken en luisteren?  
Mijn studenten Edin en Gijs wil ik graag bedanken voor hun inzet en het vele werk wat zij 
voor mijn onderzoek hebben verricht: jongens bedankt voor alles. Ook hebben veel mensen 
die niet zo direct bij het onderzoek betrokken waren een bijdrage geleverd: zoals Rien van der 
Gaag van het G.I. die me hielp met de C.I.A. en Wolfgang Heinen die me leerde hoe je pyriet 
kunt synthetiseren. Het werk van een promovendus, de efficiëntie ervan, het succes ervan en 
vooral ook het gevoel dat je erbij hebt, wordt voor een belangrijk deel bepaald door de 
afdeling waar het onderzoek wordt uitgevoerd. Als ik alle voormalige (Olav, Linda, Evelien, 
Bart, Karin, Ingo, Chris, Matthé, Irina C, Irina B, Ashna, Peter en Bas) en huidige (Harry, 
John, Katharina, Wim, Katinka, Marcel, Nico, Wouter, Marjan, Marianne, Jan, Nardy, Jack, 
Marcus, Arjan, Boran en Laura) collega’s apart zou gaan bedanken, dan zou dit stukje 
veranderen in een behoorlijke lap tekst. Daarom wil ik jullie en alle studenten en gasten die in 
de loop der jaren ons lab hebben aangedaan kortweg bedanken voor al jullie hulp, nuttige 
discussies en werkbesprekingen en vooral ook de watergevechten, borrels, etentjes, 
spelletjesavonden, lab-uitjes en bovenal alle vriendschap. Aangezien ik nog wat meer jaren bij 
de afdeling Microbiologie zal doorbrengen, hoef ik gelukkig van velen van jullie nog geen 
afscheid te nemen. Tot slot wil ik alle familieleden, vrienden en kennissen bedanken voor hun 
belangstelling en goede zorgen van de afgelopen jaren en ook mijn partner, Jeroen, die mij, 
zeker tijdens de moeilijkere periodes van het afgelopen jaar, tot grote steun is geweest. 
  - 125 -
CURRICULUM VITAE 
 
De schrijfster van dit proefschrift is geboren op 30 september 1979 in Son en Breugel. Na het 
atheneum volgde zij vanaf 1997 de opleiding H.L.O. Biologie en Medisch 
Laboratoriumonderzoek aan de Fontys Hogeschool te Eindhoven. Haar eerste werkervaring 
deed zij op tijdens een stageperiode op de afdeling Parasitologie aan het UMC St. Radboud te 
Nijmegen. Hier hield zij zich bezig met de productie en opzuivering van recombinante 
antistoffen in het kader van onderzoek naar een vaccin tegen malaria. Hierna verrichtte zij 
haar afstudeerproject aan de afdeling Microbiologie van de Radboud Universiteit Nijmegen. 
Binnen dit project werd de invloed van een verlaagde zuurstofspanning op de 
populatiesamstelling van nitrificerende bacteriën onderzocht en de geschiktheid van ureum als 
alternatief substraat voor nitrificatie en anammox. Na haar afstuderen in 2001 heeft zij 5 
maanden gewerkt als analist medische microbiologie op de afdeling Bacteriologie aan het 
UMC St. Radboud waar zij ervaring heeft opgedaan met klassieke medisch microbiologische 
methoden en diverse microbiële diagnostische testen. In februari 2002 startte zij haar 
promotie-onderzoek, waarvan de resultaten in dit proefschrift beschreven staan, op de 
afdeling Microbiologie van de Radboud Universiteit Nijmegen onder supervisie van Prof. Dr. 
ir. M.S.M. Jetten en Dr. H.J.M. Op den Camp. Sinds januari 2007 is zij aangesteld als 
onderzoeker op dezelfde afdeling met als doel ammonium-oxiderende Crenarchaea te 
bestuderen. 
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